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ing  networks.  To  satisfy  these  requirements,  one  needs  a  high-bandwidth  transmission 
medium,  such  as  fiber  optics,  and  a  distributed  channel  access  scheme  for  the  efficient 
shading  of  the  bandwidth  among  the  various  applications. 

As  far  6is  the  throughput-delay  requirements  of  the  various  applications  are  concerned, 
a  network  structure  along  with  a  distributed  channel  access  scheme  are  proposed  which 
incorporate  appropriate  scheduhng  pohcies  for  the  trtmsmission  of  outstanding  messages 
on  the  network.  The  proposed  solution  is  developed  in  two  steps.  First,  considering  each 
message  to  be  assigned  a  delay-cost  fimction  based  on  the  apphcation  to  which  it  belongs.  ! 
and  assuming  perfect  knowledge  of  all  outstanding  messages,  a  dynamic  scheduhng  policy 
is  devised  which  outperforms  ail  existing  policies  in  terms  of  minimizing  the  expected  cost 
per  message.  Secondly,  as  required  for  the  distributed  implementation  of  the  scheduling 
pohcy,  a  broadcast  mechanism  is  devised  for  the  efficient  dissemination  of  all  rele\'ant 
information.  The  broadcast  mechanism  is  btised  on  unidirectional  network  structures  which 
provide  ordering  zimong  the  stations. 

As  far  as  the  high-bandwidth  transmission  mediinn  is  concerned,  fiber  optic  technology  is 
considered  in  this  work.  The  physical  ordering  among  stations  which  is  required  by  the 
above  access  scheme  may  be  achieved  either  by  an  active  configuration,  such  as  a  ring, 
or  by  a  passive  configuration,  such  as  unidirectional  bus.  In  rings,  the  use  of  fiber  optics 
does  not  introduce  any  new  technical  problems,  since  there  exist  only  point-to-point  links 
between  neighboring  stations.  However,  in  the  multi-tapped  linear  bus,  the  reciprocity  and 
excess  loss  of  optical  couplers  along  with  the  low  impedcmce  of  optical  detectors  severely 
limit  the  number  of  stations  that  can  be  accommodated.  A  number  of  alternative  passive 
configurations  are  proposed  which  overcome  this  limitation.  Also  presented  is  a  unified 
method  for  selecting  coupler  coefficients  to  minimize  the  maximum  path  loss.  This  method 
is  tised  to  compute  the  maximum  number  of  stations  that  a  configuration  can  support. 
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Abstract 


Local  Area  Networks  have  been  in  common  use  for  data  communications  for  several 
years  and  have  enjoyed  great  success.  More  recently,  there  has  been  a  growing  interest  in 
using  a  single  network  to  support  many  applications  (e.g..  speech,  high-resolution  graph¬ 
ics.  facsimile,  video,  etc.)  in  addition  to  traditional  data  traffic.  This  leads  to  so-ealled 
Integrated  Services  Local  Area  Networks.  These  additional  applications  introduce  new 
requirements  in  terms  of  volume  of  traffic  and  real-time  delivery  of  data  which  are  not  met 
by  existing  networks.  To  satisfy  these  requirements,  one  needs  a  high-bandwidth  transmis¬ 
sion  medium,  such  as  fiber  optics,  and  a  distributed  channel  access  scheme  for  the  efficient 
sharing  of  the  beindwidth  among  the  various  applications. 7 i 

As  far  as  the  throughput -delay  requirements  of  the  variotis  applications  are  concerned, 
a  network  structure  along  with  a  distributed  channel  access  scheme  are  proposed  which 
incorporate  appropriate  scheduling  policies  for  the  trtinsmission  of  outstanding  messages 
on  the  network.  The  proposed  solution  is  developed  in  two  steps.  First,  considering  each 
message  to  be  eissigned  a  delay-cost  function  based  on  the  application  to  which  it  belongs, 
and  assuming  perfect  knowledge  of  all  outstanding  messages,  d'/namic  scheduling  policy 
is  devised  which  outperforms  all  existing  policies  in  terms  of .  .wu-r  izing  the  expected  cost 
per  message.  Secondly,  as  required  for  the  distributed  implem  ation  of  the  scheduling 
policy,  a  broadcast  mechanism  is  devised  for  the  efficient  dissemination  of  all  relevant 
information.  The  broadcast  mechanism  is  based  on  unidirectional  network  structures  which 
provide  ordering  among  the  stations. 


.4s  far  as  the  high-bandwidth  transmission  medium  is  concerned,  fiber  optic  technology 
is  considered  in  this  work.  The  physical  ordering  eimong  stations  which  is  required  by  the 
above  access  scheme  may  be  achieved  either  by  an  active  configuration,  such  as  a  ring, 
or  by  a  passive  configuration,  such  as  unidirectional  bus.  In  rings,  the  use  of  fiber  optics 
does  not  introduce  any  new  technical  problems,  since  there  exist  only  point-to-point  links 
between  neighboring  stations.  However,  in  the  multi-tapped  Unear  bus.  the  reciprocit;.'  and 
excess  loss  of  optical  couplers  along  with  the  low  impedance  of  optical  detectors  severely 


limit  the  number  of  stations  that  can  be  accommodated.  A  number  of  alternative  passive 
configurations  are  proposed  which  overcome  this  limitation.  Also  presented  is  a  unified 
method  for  selecting  coupler  coefficients  to  minimize  the  maximum  path  loss.  This  method 
is  used  to  compute  the  maximum  number  of  stations  that  a  configuration  can  support. 
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Chapter  1 


Introduction 


1.1  Local  Area  Networks 

The  concept  of  packet  switching  was  first  introduced  in  1964  by  Baran  [BAFLA64] 
as  an  alternative  to  circuit  switching  in  military  communications.  Before  the  end 
of  the  go’s  packet  switching  became  the  primary  switching  method  in  computer 
communications.  This  technique  is  useful  when  the  traffic  is  bursty,  i.e.,  when  the 
peak  data  rate  to  average  data  rate  is  high.  In  packet-switched  networks,  rather 
than  dedicating  a  circuit  to  a  pmr  of  users  for  the  duration  of  a  session,  messages 
are  transmitted  in  separate  packets.  The  communication  lines  are  utilized  by  a 
pair  of  users  only  for  the  duration  of  each  packet  transmission.  Each  packet  may 
traverse  the  path  from  the  source  to  the  destination  in  several  hops,  with  storage 
at  intermediate  nodes  in  store-and-forward  networks. 
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Now  that  we  are  entering  the  third  decade  of  computer  communications,  packet 
switching  hzis  become  widely  used  and  perfected.  The  earliest  network  that  utilized 
this  packet  switching  technology  is  a  terminal  access  network  designed  and  imple¬ 
mented  at  the  National  Physics  Laboratory  (NPL)  in  England  [DAVI67].  But  the 
most  prominent  packet  switching  network  is  the  Arpanet  [KLEI76],  the  design  and 
implementation  of  which  began  in  1969.  Although  the  NPL  packet  switched  net¬ 
work  was  used  for  the  connection  of  terminals  and  computers  and  was  thus  a  local 
area  network,  it  was  not  until  early  70’s  that  the  field  of  local  area  networks  became 
known  as  such  and  became  one  of  the  fastest  growing  areas  in  computer  commimica- 
tions.  Local  area  networks  are  intended  to  bring  the  advantages  of  packet  switching 
communication  technology  to  bear  on  the  communications  needs  of  the  expanding 
in-house  computer  facihties.  They  can  generally  be  differentiated  from  long-haul 
store-and-forward  networks  by  the  following  characteristics:  local  area  networks 
span  a  geographical  area  of  a  few  kilometers  such  as  a  single  building  or  cluster  of 
buildings;  the  data  rate  on  a  local  area  network  is  high,  typically  1-lOOMb/s;  such 
networks  are  usually  privately  owned  rather  thzin  publicly  available;  the  cost  of 
tramsmission  and  controlling  the  network  is  low  compared  with  long-haul  networks. 

Existing  local  area  networks  can  be  broadly  categorized  into  two  basic  types. 
These  are  broadcast  busses  and  ring  systems  [TANE81,  CLAR78,  STAL84,  KUMMS21 
In  ring  systems  the  data  flow  is  unidirectional,  propagating  around  the  ring  from 
station  to  station.  The  interface  between  a  station  and  the  network  is  an  active 
device  which  receives  the  signal  from  the  incoming  line  and  retransmits  it  on  the 
outgoing  line.  Various  techniques  for  accessing  the  chzmnel  exist  which  give  rise 
to  various  types  of  ring  networks  such  as  token  rings,  slotted  rings,  and  register 
insertion  rings. 

Multiaccess  broadcast  bus  systems  have  been  popular  due  to  the  fact  that  by 
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combining  the  advantages  of  packet  switching  with  those  of  broadcaist  communica¬ 
tions,  they  offer  efficient  solutions  to  the  communication  needs  of  the  local  area  envi¬ 
ronment  both  in  simplicity  of  topology  and  flexibility  in  satisfying  growth.  Random 
access  methods  such  as  Carrier  Sense  Multiple  Access  (CSMA)  [TOBASO,  KLEITo] 
have  been  effectively  employed.  The  Ethernet  [METC76]  is  a  common  example.  In 
these  systems,  a  station  that  wishes  to  transmit  senses  the  channel  to  see  if  it  is 
currently  being  used.  If  the  channel  is  busy,  the  station  in  question  reschedules  its 
transmission  for  some  later  time.  If  the  channel  is  idle,  the  packet  is  transmitted. 
Note  that  it  takes  a  finite  amoimt  of  time  for  the  signzd  to  propagate  across  the 
network.  Therefore,  it  is  possible  for  a  station  to  detect  the  channel  to  be  idle  and 
to  begin  transmission  when,  in  fact,  another  station  has  already  begun  to  transmit. 
In  this  circumstance,  two  transmissions  occur  simultaneously  and  a  collision  occurs. 
The  efficiency  of  the  channel  can  be  improved  if  stations  listen  for  such  collisions 
and  abort  their  transmissions  when  a  collision  occurs  [TOBA79].  This  variant  of 
the  access  protocol  is  called  CSMA  with  collision  detection  (CSMA/ CD). 

Analysis  of  ring  and  CSMA  networks  have  shown  that  their  performance  is 
function  of  the  ratio 
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where  r  is  the  propagation  delay  (in  seconds)  of  the  signal  around  the  ring,  or  the 
end-to-end  propagation  delay  in  a  CSMA  bus,  W  is  the  bandwidth  of  the  channel 
in  bits  per  second,  and  B  is  the  number  of  bits  in  a  packet.  In  particular,  the 
network  capacity  (i.e.,  maximum  achievable  throughput)  decreases  significantly  as 
a  increases. 

Recently,  a  number  of  new  schemes  have  been  proposed  for  broadcsist  bus  net¬ 
works.  These  schemes  provide  conflict-free  transmission  using  distributed  access 
protocols  with  round  robin  scheduling  Junctions  which  thus  lead  to  bounded  delay. 
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The  stations  that  are  '‘ahve”  are  ordered  so  as  to  form  what  is  called  a  logical  ring 
according  to  which  they  are  given  their  chance  to  transmit.  We  refer  to  these  net¬ 
work  proposals  as  demand  assignment  multiple  access  (DAMA)  schemes.  In  some  of 
these  schemes,  such  as  the  Token-Passing  Bus  Access  Method  [IEEES3],  an  explicit 
message  gets  sent  axoimd  the  logical  ring  to  provide  the  required  scheduling;  the 
station  holding  the  token  at  any  instant  is  the  one  that  has  access  to  the  channel 
at  that  instant.  It  rehnquishes  its  right  to  access  the  channel  by  transmitting  the 
token  to  the  next  one  in  turn.  Unfortunately,  here  too  the  performance  degrades 
significantly  with  a  [STAL84]. 

In  contrast  to  those  schemes  where  a  station  transmits  an  explicit  token  to 
the  next  in  turn,  in  others  the  stations  rely  on  various  events  due  to  activity  on 
the  channel  to  determine  when  to  transmit.  Since  the  token  passing  operation  is 
implicit^  the  overall  robixstness  of  the  network  is  improved  over  token  bus  networks. 
Here  too,  packet  delay  is  botinded;  but  in  addition  both  throughput  and  delay  can 
be  made  much  less  sensitive  to  a,  thus  rendering  these  schemes  particularly  suitable 
to  networks  with  high  bandwidth,  small  size  packets  (such  as  those  arising  from  real 
time  applications),  and  long  distances.  A  comprehensive  survey  of  implicit  token 
DAMA  schemes  can  be  found  in  [FINE84]. 

Among  the  various  DAMA  schemes,  a  peuticulaxly  attractive  cleiss  has  been 
identified  and  is  known  as  the  attempt-and-defer  class  of  access  protocols.  These 
employ  a  unidirectional  bus  structure  in  which  signals  propagate  in  only  one  direc¬ 
tion.  (Incidentally,  fiber  optics  technology  leaids  to  unidirectional  busses.) 

Broadcast  communications  is  zu:hieved  in  two  ways.  The  first  approach  is  to 
fold  a  unidirectional  cable  onto  itself  so  as  to  create  two  channels,  an  outbound 
channel  onto  which  the  users  transmit  packets  and  an  inbound  channel  from  which 
users  receive  packets;  all  signals  transmitted  on  the  outbound  channel  are  returned 
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on  the  inbound  channel.  This  is  referred  to  as  the  folded  bus  structure.  .Another 
way  to  achieve  broadcast  communications  is  to  provide  two  unidirectional  buses 
with  signals  propagating  in  opposite  directions.  This  is  referred  to  as  the  dual-bus 
structure. 

In  both  the  folded-bus  and  dual-bus  structures,  on  every  unidirectional  bus 
segment  to  which  stations  are  connected,  there  exists  an  implicit  ordering  among 
the  stations  which  the  DAMA  schemes  under  consideration  make  use  of.  These 
schemes  also  require  that  on  every  imidirectionai  bus  segment,  each  station  be  given 
the  ability  to  sense  activity  due  to  stations  on  the  upstream  side  of  its  transmit  tap. 
In  the  dual-bus  structure,  the  receive  taps  provide  this  function  while  in  the  folded- 
bus  structure  additional  sense  taps  are  needed. 

The  attempt-and-defer  access  mechanism  basically  operates  as  follows.  A  sta¬ 
tion  wishing  to  transmit  on  a  given  bus  waits  until  that  bus  is  idle.  It  then  begins  to 
transmit,  thus  establishing  its  desire  to  acquire  the  bus.  However,  if  another  trans¬ 
mission  from  upstream  is  detected,  the  station  aborts  its  transmission  and  defers 
to  the  one  from  upstream.  The  most  upstream  transmission  is  therefore  allowed 
to  continue  conflict  free.  Examples  of  networks  using  the  attempt-and-defer  ac¬ 
cess  mechanism  sire  Expressnet  [TOBA83],  Fasnet  [LIMB82),  U-Net  [GERLA83a], 
Token-Less  Protocols  (TLP)  [RODR84],  MAP  [MARS82],  and  Buzznet  [GERLSSb]. 

While  the  field  of  local  mea  networks  is  usually  meant  to  refer  to  packet  switch¬ 
ing  as  those  described  above,  one  is  hard  pressed  not  to  ignore  private  branch 
exchange  systems  which  are  based  on  circuit  switching  and  have  originally  been 
devised  for  voice  communications,  as  these  can  be  used  for  local  computer  commu¬ 
nications. 
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1.2  Integrated-Services 

When  dealing  with  appUcations  other  than  terminal  access  and  computer-to- 
computer  communications,  there  is  often  the  need  to  satisfy  stringent  delay  require¬ 
ments.  Applications  which  impose  such  requirements  are  referred  to  ais  "real-time" 
or  '‘time-constrained’  applications.  There  are  many  examples.  Packetized  voice  in 
which  voice  is  digitized,  packetized  at  the  source,  transmitted  over  the  network, 
and  reconstructed  at  the  destination  is  one  such  example.  Excessive  delays  are 
disruptive  to  interactive  speech  conversations,  cind  thus  each  bit  of  data  must  be 
delivered  to  the  destination  within  a  certain  maximum  delay.  Another  example  is 
reai-time  process  control  in  the  factory,  in  avionics,  etc.  While  voice  and  process 
control  are  both  real-time  applications,  their  attributes  are  different,  and  may  often 
have  to  be  handled  differently.  Consider  for  example  uncompressed  PCM  speech. 
A  voice  source  is  synchronous  in  that  it  generates  bits  at  a  constant  rate  (64  Kbps), 
all  bits  are  to  be  delivered  within  the  same  delay  constraint,  and  a  certain  level  of 
data  loss  is  acceptable.  In  process  control,  sources  typically  require  low  throughput, 
are  losually  bursty,  but  delay  constraints  may  be  more  severe,  and  loss  may  have 
disastrous  effects. 

So  far,  the  study  of  integrated-services  has  been  Umited  primarily  to  voice  and 
data.  In  recent  dissertation  by  Gonsalves  [GONS86]  an  excellent  overview  of  previ¬ 
ous  work  on  voice-data  integration  on  local-area  networks  htis  been  provided.  What 
is  most  essential  to  note  in  all  the  schemes  proposed  for  the  integration  of  voice  and 
data  is  the  fact  that  they  all  take  advantage  of  special  chareicteristics  of  voice  traffic. 
Typically  vocoders  digitize  voice  at  a  constant  rate.  Bits  are  grouped  into  packets 
which  are  then  transmitted  via  the  network  to  the  destination  vocoder.  .4ccordingly 
packets  are  generated  deterministically,  i.e.,  at  regular  intervals. 

Several  papers  addressed  the  performance  (either  simulated  or  measured)  of 
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CSMA/CD  networks.  Among  these  we  cite:  [NUTTS2,  TOBAS2.  GONSS3.  MUSSS3 
DETR84].  Others  investigated  the  use  of  prioritized  versions  of  CSMA-CD  for 
the  integration  of  voice  and  data,  with  voice  assigned  a  higher  priority  than  data 
[CHLA83,  CHLA85,  IIDA80,  J0HN81,  MAXE82,  TOBA80.  T0BAS2].  Yet  others 
have  dealt  with  voice/data  traffic  on  DAMA  Networks,  Fasnet  and  Expressnet  in 
particular  [LIMB82,  LIMB83,  FRAT81,  TOBA83,  FINE85a.  FINE8ob]. 

In  sum,  all  previous  studies  have  either  evaluated  the  performance  of  x-arious 
local  area  networks  in  view  of  the  above  stated  requirements  or  devised  new  schemes 
which  taice  advantage  of  the  specific  characteristic  stated  above,  (i.e.,  deterministic 
packet  generation)  and  are  thus  adequate  for  the  integration  of  such  applications. 

Perhaps  the  only  work  so  far  which  addresses  the  problem  of  real  time  appli¬ 
cations  in  LANs  is  that  by  Kurose  and  Schwartz  [KUR083]  for  CSMA  networks. 
They  have  shown  that  for  time-constrained  communication  over  CSM.A.  channels, 
the  ordering  imposed  on  message  transmissions  by  the  channel  access  strategy 
has  a  great  effect  on  the  distribution  of  message  delay.  In  their  work  they  have 
considered  a  generadized  version  of  the  time-based  window  algorithm  (WCSMA) 
[GALL78,  TOWS82]  which  allows  to  adaptively  vary  an  imposed  message  trans¬ 
mission  scheduling  discipline  in  response  to  changing  system  demands.  That  is, 
while  in  WCSMA  the  objective  is  FCFS,  here  the  distribution  of  packet  delay  is  the 
critical  performance  measure,  and  the  objective  may  for  example  be  to  maximize 
the  percentage  of  messages  with  waiting  times  below  a  specified  time  bound. 

1.1.3  Contributions 

It  is  clear  from  the  above  survey  of  previous  work  that  the  integration  of  ser¬ 
vices  on  Local  ,4rea  Networks  had  not  been  fully  investigated.  Indeed,  most  of  the 


studies  concerned  themselves  with  voice/data  integration  taking  ad\-antage  of  the 
deterministic  nature  of  voice  traffic,  and  thus  are  not  apphcable  to  the  problem  of 
integrated  services  in  its  general  form.  The  work  on  time-constrained  applications 
by  Kurose  and  Schwartz  is  bzised  on  GSMA  type  networks  and  thus  is  not  appli¬ 
cable  to  high  speed  operation  of  LANs,  as  CSMA  performs  particularly  poorly  in 
networks  with  high  bandwidth. 

The  integration  of  services  on  Local  Area  Networks  will  undoubtedly  require 
high  speed  operation.  Indeed,  with  the  multitude  of  applications  that  need  to  be 
integrated  in  LANs,  bamdwidth  and  delay  requirements  far  exceed  the  capabilities 
of  such  LANs  as  a  10  Mb/s  Ethernet.  A  single  digitized  video  channel  may  require 
as  high  as  50  Mb/s.  Graphic  and  image  applications  may  too  be  high  bandwidth 
applications.  Accordingly,  the  solution  to  integrated  services  Local  .4rea  Networks 
will  more  naturally  be  found  in  LANs  of  the  attempt-and-defer  DAMA  type  sucii 
as  Expressnet  and  Fasnet,  rather  that  in  the  CSMA  contention  type.  Moreover, 
to  realize  high  speed  operation  of  these  LANs,  the  medium  will  have  to  be  fiber 
optics,  a  unidirectional  medium  to  which  schemes  such  a  Feisnet  and  Expressnet  are 
appropriate. 

The  contributions  of  this  thesis  are  in  two  areas.  The  first  consists  of  new 
access  methods  along  with  transmission  scheduling  policies  for  the  integration  of 
services  with  differing  requirements  in  unidirectional  networks  beised  on  the  attempt- 
and-defer  access  mechanism.  The  second  is  the  study  of  fiber  optics  topological 
configurations  of  such  unidirectional  networks,  in  view  of  supporting  large  number 
of  stations. 

Work  in  the  first  area  is  accomplished  in  two  steps.  The  first  step,  which  con¬ 
stitutes  Chapter  2,  consists  of  a  study  of  transmission  scheduling  policies  that  can 
be  used  in  broadcast  local  area  networks.  More  precisely,  the  problem  is  defined  as 
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follows;  each  message  is  assmned  to  be  determined  by  a  delay-cost  function,  and 
the  objective  is  to  devise  a  policy  which  minimises  the  expected  cost  per  message. 
Six  policies  are  considered  in  this  chapter.  The  first  four,  first-come-first-serv'ed 
(FCFS),  roimd  robin  (RR),  highest-penalty-first-served  (HPFS),  and  lowest-slack- 
first-served  (LSFS),  are  well  known.  The  other  two  are  newly  proposed  in  this  disser¬ 
tation  and  are  referred  to  earliest-slot-first-served”  (ESFS)  and  "dynamic  priority" 
(DP)  scheduhng  policies.  ESFS  is  applicable  to  fixed  length  single-packet  messages 
and  step  delay-cost  functions  for  messages.  Due  to  the  assumption  of  fixed-length 
messages,  the  channel  time  tixis  may  be  considered  to  be  slotted.  Under  ESFS. 
messages  are  assigned  to  the  slots  in  such  a  way  that  the  total  cost  is  minimized. 
Then  the  earhest  scheduled  message  is  selected  for  transmission.  Dynamic-priority 
scheduhng  policy  is  apphcable  to  general  message-length  distribution  and  general 
cost  functions.  Under  this  policy,  to  each  message,  a  dynamic  priority  equal  ’’o  it.^ 
discounted  cost  rate  divided  by  its  critical  remaining  transmission  time  is  assigned. 
When  the  channel  becomes  idle,  the  message  with  the  highest  priority  is  transmit¬ 
ted.  These  various  schemes  have  been  evaluated  by  simulation  and  the  restiltc  have 
shown  that  the  new  proposed  schemes  outperform  ail  previously  known  one. 

Throughout  Chapter  2,  the  distributed  aspects  of  i,he  scheduling  problem  are 
ignored,  i.e.,  it  is  assumed  that  the  propagation  delay  between  every  pair  of  stations 
is  zero,  and  that  every  station  has  complete  knowledge  about  all  messages  in  the 
network.  With  these  assumptions,  the  network  could  be  viewed  as  a  single-server 
queueing  system.  In  chapter  3,  the  distributed  implementation  of  the  transmission 
scheduling  pohcies  is  taken  into  account.  More  precisely,  we  are  concerned  with 
the  incorporation  of  scheduhng  pohcies  in  broadcast  local  area  networks  in  view  of 
integrating  services.  There  are  two  issues  involved.  One  is  the  provision  of  efficient 
chaimel  access  schemes  for  broadcast  local  area  networks  operating  at  high  speed. 
The  other  issue  is  the  provision  of  necessary  mechanisms  for  the  implementation 
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of  scheduling  policies.  As  stated  before,  there  are  efficient  channel  access  schemes 
based  on  attempt-and-defer  access  mechanisms  which  solve  the  first  problem  and 
which  constitute  the  basis  for  our  solution.  With  respect  to  the  second  problem, 
we  choose  to  consider  a  distributed  implementation  for  two  reasons.  The  first  is 
reliability:  with  distributed  scheduling,  the  system  is  not  dependent  on  the  proper 
operation  of  a  central  scheduler.  The  second  is  improved  performance,  in  terms 
of  both  delay  and  channel  utilization.  This  is  due  to  the  fact  that,  in  distributed 
scheduling,  only  stations'  local  information  must  be  broadcast  on  the  network  to 
the  central  scheduler,  and  the  control  information  from  the  central  scheduler  back 
to  the  stations  is  not  required.  We  propose  in  this  chapter  a  scheme  which  included 
(i'j  a  mechanism  for  the  dissemination  of  all  relevant  information  required  by  the 
scheduling  policy,  and  (ii)  a  station  architecture  which  allows  the  implementations 
of  any  of  the  scheduling  policies  described  in  the  previous  chapter. 

In  chapter  4,  we  study  fiber  optic  configurations  for  local  area  networks.  Indeed, 
the  medium  that  provides  high  bandwidth  in  local  area  networks  is  naturally  fiber 
optics.  While  this  technology  lends  itself  easily  to  networks  with  point-to-point 
links,  e.g.  rings,  the  problem  is  more  complex  with  broadcast  bus  networks.  Due 
to  intrinsic  characteristics  of  certain  fiber-optic  components,  in  particular  the  reci¬ 
procity  of  couplers  and  the  low  impedance  of  detectors,  to  use  this  technology  in  the 
implementation  of  a  shared  multitapped  bus  requires  careful  design  consideration. 
In  this  chapter  we  first  examine  the  unidirectional  networks  in  question  ( folded  bus 
and  dual  bus  topologies)  and  extract  features  which  prove  useful  in  devising  fiber 
optics  configurations.  We  then  present  various  fiber  optics  configurations  for  their 
implementation.  We  then  provide  a  complete  power  budget  analysis  of  fiber  optic 
configurations.  This  leads  to  the  performance  evaluation  of  the  proposed  configura¬ 
tions.  in  terms  of  number  of  stations  that  can  be  supported  for  a  given  power  margin. 
The  numerical  results  have  shown  that  for  a  power  margin  of  40  dB  and  a  coupler 
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excess  loss  of  1  clB,  the  number  of  stations  ranges  from  30  with  reciprocal  couplers 
to  70  with  nonreciprocal  ones,  using  a  newly  proposed  "bypass"  configuration. 
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Chapter  2 


Transmission  Scheduling  Policies  for 
Broadcast  Local  Area  Networks 


In  a  broadcast  LAN.  each  message  is  received  by  all  stations,  regardless  of  its 
destination.  A  station  discards  received  messages  that  are  not  intended  for  it.  In 
such  networks,  whether  implemented  as  a  bus  or  a  ring,  only  one  message  may  be 
transmitted  at  a  time.  If  the  network  supports  integrated  services,  the  most  urgent 
message  should  be  transmitted  first.  The  urgency  of  a  message  may  depend  both 
on  the  application  and  on  the  generation  time  of  the  message.  In  this  chapter, 
we  are  concerned  with  policies  for  ordering  message  transmissions  on  a  broadcast 
channel.  We  refer  to  these  as  transmission  scheduling  policies.  Throughout  the 
chapter,  we  ignore  the  distributed  aspects  of  the  problem:  i.e..  we  asstxme  that  the 
propagation  delay  between  every  pair  of  stations  is  zero,  and  that  every  station  has 
complete  knowledge  about  all  messages  in  the  network.  With  these  assumptions, 
the  network  may  be  viewed  as  a  single-server  queueing  system.  The  distributed 
implementation  of  the  transmission  scheduling  policies  is  the  subject  of  the  next 
chapter.  In  the  next  section,  the  transmission  scheduling  problem  is  discussed  in 
more  detail.  In  section  2.2.  a  number  of  basic  scheduling  policies  are  reviewed,  and 
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some  new  ones  are  proposed.  In  section  2.3.  based  on  results  obtained  through 
regenerative  simulation,  the  relative  performance  of  these  policies  is  evaluated. 


2.1  The  Transmission  Scheduling  Problem 

A  broadcast  channel  with  zero  propagation  delay  is  equivalent  to  a  single  server, 
since  only  one  message  can  be  transmitted  at  any  given  time.  All  pending  messages 
must  therefore  be  queued,  and  a  scheduling  policy  is  used  to  select  one  of  them 
for  transmission,  whenever  the  broadcast  channel  is  idle.  We  define  the  delay  of 
a  message  to  be  the  time  elapsed  from  its  generation  until  the  completion  of  its 
transmission  on  the  channel.  Based  on  the  performance  specifications  of  each  ap¬ 
plication.  we  define  a  cost  function  for  messages  belonging  to  that  application.  '  .A.s 
examples,  the  cost  functions  appropriate  for  voice  and  data  traffic  are  discussed 
below.)  Let  Dn  and  Cn(-)  denote  the  delay  and  cost  function  of  the  nth  message 
generated  in  the  system,  respectively.  The  average  cost  per  message  is  given  by 


The  objective  is  to  find  a  scheduling  policy  which  minimizes  c. 

In  scheduling  theory,  problems  are  classified  according  to  the  arrival  process  of 
jobs  and  their  service-time  distribution  [FREN82].  When  the  number  of  jobs  and 
their  generation  times  are  fixed  and  known  a  priori,  the  problem  is  static:  when 
the  jobs  are  generated  randomly  over  a  period  of  time,  the  problem  is  called  dy¬ 
namic.  If  the  service  times  are  known,  the  problem  is  called  deterministic:  if  the 
service  times  are  random,  the  problem  is  called  stochastic.  Based  on  this  termi¬ 
nology,  the  scheduling  problem  formulated  here  is  dynamic  and  stochastic.  For  a 
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general  service-time  distribution  and  a  general  set  of  cost  functions,  a  dynamic  and 
stochastic  scheduling  problem,  such  as  the  one  formulated  here,  is  analytically  in¬ 
tractable  [RINN75].  (Below,  we  will  also  present  a  scheduling  policy  for  a  static 
and  deterministic  problem.)  We  will  consider  a  number  of  suboptimal  scheduling 
policies  and  compare  their  performance  through  simulation. 

Before  discussing  the  scheduling  policies,  let  us  examine  a  set  of  cost  functions 
appropriate  for  voice  and  data  traffic.  In  the  case  of  interactiv-e  voice  traffic,  there 
exists  a  maximum  allowable  end-to-end  delay.  If  the  delay  of  a  packet  exceeds  this 
maximum,  it  becomes  out-dated  and  is  lost.  Depending  on  the  desired  quality  and 
type  of  coding  used,  a  certain  amotmt  of  packet  loss  is  tolerable.  Based  on  this 
performance  specification,  the  cost  fimction  appropriate  for  voice  is  a  step  function. 
.\s  shown  in  Fig.  2.1(  a),  a  step  cost  fimction.  say  that  of  the  nth  message  generated 
in  the  system,  is  defined  by  two  parameters:  a  delay  allowance  denoted  by  Ca.n- 
and  a  penalty  denoted  by  Cp.n-  The  deadline  is  defined  as  the  time  by  which  if 
the  message  is  entirely  transmitted,  no  penalty  is  incurred;  deadline  is  equal  to  the 
arrival  time  plus  the  delay  allowance.  Under  an  optimal  scheduling  policy,  incretising 
the  penalty  of  voice  messages  effectively  increases  their  priority  over  other  messages 
and  thus  reduces  the  percentage  of  the  messages  lost. 

For  data  traffic,  che  performance  is  specified  in  terms  of  some  measure  defined 
on  the  distribution  of  message  delays.  For  example,  the  performance  measure  may 
be  the  average  message  delay.  In  that  case  a  linear  cost  function  should  be  used. 
The  cost  rate  (i.e.,  the  cost  incurred  per  unit  time)  is  chosen  based  on  the  priority 
of  data  traffic  over  other  traffic.  More  generally,  the  performance  measure  may 
be  the  average  delay  (or  some  function  thereof)  of  those  messages  whose  delay 
exceeds  a  certain  allowance  time.  The  cost  function  used  in  that  case  would  be  a 
ramp  function.  .A.s  shown  in  Fig.  2.1(b),  a  ramp  cost  function,  say  that  of  the  nth 
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message  generated  in  the  system,  is  defined  by  two  parameters:  a  delay  allowance 
Ca,n>  and  a  ■penalty  rate  denoted  by  Cr,n-  As  in  the  step  cost  function,  the  deadline 
is  equal  to  the  arrival  time  plus  the  delay  allowance.  However,  unlike  the  step  cost 
function,  the  messages  which  are  not  transmitted  before  their  deadlines  axe  not 
dropped. 


2.2  Scheduling  Policies 


2.2.1  Basic  Scheduling  Policies 

Four  basic  scheduling  policies  are  considered  here. 

First-Come-First-Served  (FCFS).  Under  this  policy,  the  messages  are  transmitted 
in  the  order  of  their  tuxival.  More  specifically,  a  newly  generated  message  is  put 
at  the  end  of  the  global  queue.  When  the  bus  becomes  idle,  a  packet  belonging  to 
the  message  at  the  head  of  the  queue  is  transmitted.  In  the  case  of  a  multi-packet 
message,  all  the  packets  are  transmitted  back-to-back  without  interruption;  i.e.. 
there  is  no  message  preemption.  The  FCFS  can  be  applied  under  any  message- 
length  distribution  and  any  set  of  cost  functions. 

Round  Robin  (RR).  As  before,  a  newly  generated  message  is  put  at  the  end  of  the 
(global)  queue.  When  the  bus  becomes  idle,  a  packet  belonging  to  the  message  at 
the  head  of  the  queue  is  transmitted.  In  the  ctise  of  a  multi-packet  message,  after 
the  transmission  of  each  packet,  the  message  is  put  at  the  end  of  the  queue.  This 
process  is  repeated  until  every  packet  in  the  message  is  transmitted.  Like  FCFS.  the 
round-robin  scheduling  policy  can  be  applied  under  any  message- length  distribution 
and  any  set  of  cost  functions. 
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Highest-Penalty-First-Served  (HPFS).  As  the  name  indicates,  whenever  the  bus 
becomes  idle,  a  packet  belonging  to  the  message  with  the  highest  penalty  is  trans¬ 
mitted.  This  implies  that  a  penalty  must  be  defined  for  every  message.  In  the 
case  of  a  message  with  a  step  cost  function,  the  height  of  the  step  (i.e..  the  cost 
of  missing  the  deadline)  can  be  used  as  the  penalty  (see  Fig.  2.1).  Also,  in  the 
case  of  a  message  with  ramp  cost  function,  the  slope  of  ramp  (i.e.,  the  cost  rate 
after  deadline)  can  be  used  as  the  penalty.  However,  in  the  case  of  a  message  with 
a  general  cost  function,  there  is  no  natural  choice  for  penalty.  Hence,  while  the 
HPFS  scheduling  policy  can  be  applied  under  any  message- length  distribution,  it  is 
somewhat  restrictive  on  the  set  of  cost  functions. 

Lowest-Slack-time-First-Served  (LSFS).  The  slack  time  of  a  message  at  time  t  is 
defined  as  the  remaining  time  to  its  deadline  minus  its  remaining  transmission  time 
at  t.  Under  the  LSFS  policy,  whenever  the  bus  becomes  idle,  a  packet  belonging 
to  the  message  with  the  lowest  slack  time  is  transmitted.  Clearly,  when  the  slack- 
time  of  a  message  becomes  negative,  it  is  no  longer  possible  to  transmit  it  before 
its  deadline.  If  such  a  message  has  a  step  cost  function,  it  must  be  dropped  from 
the  queue,  since  transmitting  it  would  not  reduce  the  incurred  cost.  If  the  message 
hais  some  other  cost  function,  say  the  ramp  cost  function,  then  it  still  must  be 
transmitted.  Therefore,  at  any  point  in  time,  some  of  the  messages  in  the  global 
queue  may  have  negative  slack  times. 

2.2.2  A  Policy  based  on  Static  Scheduling 

The  scheduling  problem,  which  wjis  formulated  in  section  2.1.  is  both  dynamic 
and  stochastic,  in  that  the  messages  are  generated  according  to  a  random  process 
and  their  lengths  are  randomly  distributed.  Since  finding  the  optimal  policy  for 
such  a  scheduling  problem  is  analytically  intractable,  any  approach  leading  to  a 
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suboptimal  solution  will  be  attractive.  The  approach  which  is  taken  here  is  as 
follows.  Whenever  a  message  must  be  selected  for  transmission,  a  schedule  for 
trcinsmitting  all  messages  in  the  global  queue  is  generated  { the  queue  is  rearranged). 
Then,  the  message  with  the  earhest  scheduled  transmission  time  (head  of  queue), 
is  selected.  The  objective  in  generating  this  schedule  is  to  minimize  the  total  cost 
inctirred  in  delaying  the  messages  which  are  already  in  the  queue,  ignoring  any 
messages  generated  in  future.  Since,  at  any  point  in  time,  the  number  of  messages 
in  the  global  queue  and  their  lengths  and  cost  functions  are  known,  this  scheduling 
problem  is  a  static  and  deterministic  one. 

For  a  general  distribution  of  message  lengths  and  a  general  set  of  cost  func¬ 
tions,  the  static  scheduling  problem  is  NP  complete  in  n.  the  number  of  queued 
messages  [RINN75];  in  fact,  the  optimal  schedule  can  only  be  found  through  ex¬ 
haustive  search.  For  a  very  special  case  of  this  problem,  we  present  an  algorithm 
which  is  O(n^).  Specifically,  we  assume  that  the  messages  are  of  fixed  length,  equal 
to  that  of  a  packet.  Ftirthermore,  we  assume  that  edl  cost  functions  are  step  func¬ 
tions,  though  not  necessarily  with  equal  parameters  values. 

Due  to  the  assumption  of  fixed-length  single-packet  messages,  the  channel  time 
axis  may  be  considered  to  be  slotted,  with  the  slot  size  equal  to  the  transmission 
period  of  a  message.  The  scheduling  policy  at  the  beginning  of  each  slot  selects  a 
message  for  transmission.  Initially,  all  messages  are  scheduled  in  the  current  and  all 
futtire  slots:  and  then,  the  message  scheduled  in  the  earliest  slot  is  transmitted  in  the 
current  slot.  This  scheduling  policy  is  referred  to  as  the  Earliest- Slot- First- Served 
(ESFS)  scheduling  policy. 

Now.  we  describe  the  algorithm  used  for  scheduling  messages  in  slots.  Note 
that  the  objective  of  this  (static)  scheduling  is  to  assign  slots  to  queued  messages 
to  minimize  the  total  penalty,  incurred  in  dropping  messages  .  Clearly,  to  minimize 
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the  total  penalty,  a  message  should  be  dropped  only  when  all  the  slots  before  its 
deadline  are  eissigned  to  other  messages  with  eqiial  or  higher  penalty,  and  none  of 
these  slots  can  be  freed  by  rescheduling  the  corresponding  messages  in  some  later 
slot.  Based  on  this  observation,  a  simple  algorithm  for  optimal  static  scheduling  is 
as  follows. 

Algorithm  2.1:  Messages  are  first  arranged  in  order  of  decreasing  penalties. 

Each  message  is  then  scheduled  in  the  latest  unassigned  slot  before  its  deadline. 

If  there  are  no  unassigned  slots  before  its  deadline,  the  message  is  dropped. 

Before  showing  the  optimality  of  this  algorithm,  let  us  illustrate  its  operation 
through  the  example  shown  in  Table  2.1.  Without  loss  of  generahty,  we  are  con¬ 
sidering  the  schedule  generated  at  the  start  of  slot  0.  Each  message  is  denoted  by 
a  pair  (p.  d),  where  p  is  the  value  of  its  penalty  and  d  is  the  latest  slot  before  its 
deadline.  B  is  the  set  of  backlogged  messages  at  the  start  of  slot  0.  Each  iteration 
corresponds  to  scheduling  a  single  message.  In  iterations  1  through  3.  messages 
(5,6),  (5,2),  and  (4,1)  are  scheduled  in  slots  6,  2  and  1,  respectively.  In  iteration  4 
of  the  algorithm,  since  slots  1  and  2  eire  already  assigned,  message  (3,2)  is  scheduled 
in  slot  0.  In  iteration  5,  the  message  (2,6)  is  scheduled  in  slot  5.  In  iteration  6. 
since  slot  0  is  already  assigned,  message  (2,0)  is  dropped.  In  the  last  iteration  (2.3) 
is  assigned  in  slot  3.  Based  on  the  resulting  schedule  (3.2)  is  transmitted  in  slot  0. 

To  prove  that  Algorithm  2.1  is  optimal,  we  show  that  if  a  message  is  dropped, 
it  could  not  have  been  scheduled  without  dropping  another  message  with  a  greater 
or  equal  penalty.  Let  (p,  d)  be  the  message  that  is  dropped  at  some  iteration.  Let 
s  be  the  earliest  imassigned  slot  at  this  iteration.  Clearly,  s  is  greater  than  d. 
otherwise  (p.d)  could  have  been  scheduled  in  slot  s.  Morever,  since  according  to 
the  algorithm  every  message  is  scheduled  in  the  latest  unassigned  slot  before  its 
deadline,  all  messages  which  are  already  scheduled  in  the  slots  before  slot  s  must 
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5  =  {(3,2),  (2,6),  (5. 6),  (2,0).  (5.2),  (2. 3).  (4.1)} 


Iteration 

0 

1 

2 

Slots 

3 

4 

5 

6 

1 

(5,6) 

2 

(5.2) 

( 5.6) 

3 

(4.1) 

(5.2) 

(5.6) 

4 

(3,2) 

(4,1) 

(5,2) 

(5.6) 

5 

(3,2) 

(4,1) 

(5,2) 

(2,6) 

(5.6) 

6 

(3,2) 

(4,1) 

(5,2) 

(2,6) 

(5.6) 

7 

(3,2) 

(4,1) 

(5,2) 

(2.3) 

(2,6) 

(5.6) 

Table  2.1  Example  illustrating  the  operation  of  algorithm  2.1.  Each  message  is 
denoted  by  a  pair  (p,  d),  where  p  is  the  value  of  its  penalty  and  d  is  the 
latest  slot  before  its  deadline.  B  is  the  set  of  backlogged  messages  at 
the  start  of  slot  0.  Every  iteration  corresponds  to  scheduhng  a  single 
message. 


have  a  deadline  less  than  s.  Also,  since  the  scheduling  is  performed  in  the  order  of 
decreeising  penalties,  aU  these  messages  must  have  a  penalty  greater  than  or  equal 
to  p. 

We  compute  the  computational  complexity  of  the  algorithm  as  follows.  In  each 
iteration  of  Algorithm  2.1.  a  single  message  is  scheduled.  Before  the  ith  iteration 
of  the  algorithm,  there  are  at  most  i  —  1  assigned  slots.  Therefore,  finding  the 
latest  unassigned  slot  prior  to  the  deadline  of  the  message  being  scheduled,  involves 
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Oil)  steps.  If  there  are  n  backlogged  messages,  the  total  number  of  steps  is  thus 
0(n“).  (Note  that  sorting  by  penalty  is  0(n  logn)  and  hence  does  not  increase  the 
complexity. ) 

We  next  present  a  slight  modification  to  algorithm  2.1.  which  obviates  the  need 
for  sorting  the  messages  prior  to  scheduling.  This  will  prove  useful  in  more  realistic 
situation  where  new  messages  are  being  generated  all  time.  The  modified  algorithm 
is  as  follows. 

Algorithm  2.2:  Each  message  is  scheduled  in  the  latest  slot  before  its  deadline 
which  has  not  already  been  assigned  to  a  message  with  equal  or  higher  penalty. 
If  there  is  no  such  slot,  the  message  is  dropped.  If  the  message  is  scheduled  in 
a  slot  which  has  previously  been  assigned  to  a  message  with  a  lower  penalty, 
then  that  message  is  removed  and  rescheduled,  as  just  described.  The  algorithm 
terminates  when  every  message  is  either  scheduled  or  dropped. 

Observe  that  a  removed  message  can  only  be  rescheduled  in  the  slots  before  the 
slot  from  which  it  was  removed.  Also,  since  a  message  cannot  caxise  the  removal  of 
a  higher  penalty  message,  the  above  algorithm  eventually  terminates.  Since  every 
removed  message  is  either  dropped  or  rescheduled  to  an  earlier  slot  than  the  one 
from  which  it  was  removed,  the  algorithm  eventually  terminates.  The  operation 
of  Algorithm  2.2  for  our  example  is  illustrated  in  Table  2.2.  In  iterations  1  and  2. 
messages  (3,2)  and  (2.6)  are  scheduled  in  their  deadline  slots,  namely  slots  2  and  6. 
respectively.  In  iteration  3.  message  (5.6)  bumps  message  (2.6)  from  slot  6  to  slot 
5.  In  iteration  4,  message  (2,0)  is  scheduled  in  slot  0.  In  iteration  5.  message  (5.2) 
bumps  message  (3.2)  from  slot  2  to  slot  1.  In  iteration  6.  message  (2.3)  is  scheduled 
in  its  deadhne  slot.  In  the  final  iteration,  message  (4.1)  bumps  message  (3.2)  from 
slot  1  to  slot  2.  and  message  (3.2).  in  turn,  bumps  message  (2.0).  Message  (2.0)  is 
then  dropped.  As  in  .Algorithm  2.1.  message  (3.2)  is  transmitted  in  slot  0. 


5  =  {(3,2),(2.6),(o.6),(2,0),(5,2).(2.3).(4.1)} 


Iteration 

0 

1 

2 

Slots 

3 

4  5 

6 

1 

(3,2) 

2 

(3.2) 

(2.6) 

3 

(3,2) 

(2.6) 

\5.6) 

4 

(2,0) 

(3,2) 

(2.6) 

(5.6) 

5 

(2,0) 

(3,2) 

(5,2) 

(2.6) 

(5.6) 

6 

(2,0) 

(3,2) 

(5,2) 

(2,3) 

(2.6) 

(5.6) 

7 

(3,2) 

(4,1) 

(5,2) 

(2,3) 

(2.6) 

(5.6) 

Table  2.2  Example  illustrating  the  operation  of  Algorithm  2.2.  Every  message  is 
denoted  by  a  pair  of  integers  (p,  d),  where  p  is  its  penalty  and  d  is  the 
latest  slot  before  its  deadline.  B  is  the  set  of  backlogged  messages  at 
the  start  of  slot  0.  Every  iteration  corresponds  to  scheduling  a  single 
message. 


-■Vlgorithms  2.1  and  2.2  described  above  are  optimum  for  a  static  scheduling 
problem.  When  used  for  a  dynamic  schedvding  problem,  they  are  no  longer  opti- 
miim.  For  example,  there  may  be  new  arrivals  during  slot  0  which,  when  taken  into 
account,  may  result  in  the  preemption  and  loss  of  message  (4.1).  The  expected  loss 
would  be  less  if  message  (4.1)  is  transmitted  in  slot  0.  and  message  (3.2)  is  scheduled 
in  slot  1.  In  general,  an  improvement  in  performance  is  possible  if  one  permutes 
the  schedule  in  such  a  way  that  the  messages  with  higher  penalty  are  transmit¬ 
ted  first,  while  none  of  the  lower  penalty  messages  are  dropped.  (For  the  traffic 
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model  considered  in  the  next  section,  this  permutation  did  not  result  a  noticeable 
improvement,  and  thus  is  not  included  in  the  performance  results. ) 

.4n  advantage  of  .A.lgorithm  2.2  over  .algorithm  2.1  is  that  the  schedule  generated 
for  one  slot  can  be  incrementally  updated  for  the  next  slot.  The  incremental  changes 
in  the  schedule  consist  of  removing  the  transmitted  message  from  the  queue  and 
scheduling  newly  generated  messages. 

2.2.3  Dynamic-Priority  Scheduling  Policy 

Here,  we  propose  a  new  priority  rule  for  the  transmission  scheduling  problem, 
which  can  be  viewed  as  a  generalization  of  the  C/i  rule.  (C  refers  to  cost  per  unit 
time,  and  /i  refers  to  service  rate.)  The  Cn  rule  which  is  due  to  Klimov  [KLIMT-i. 
KLIM  78].  is  the  optimal  solution  to  a  dynamic  and  stochastic  scheduling  problem, 
under  a  number  of  restrictive  assiunptions  on  the  message-length  distributions  and 
cost  functions.  The  new  policy,  on  the  other  hand,  while  not  optimal,  can  be  applied 
to  general  message- length  distributions  and  genertil  cost  functions.  .•X.lso.  in  the  Cfj. 
rule,  the  message  priorities  are  static,  while  in  the  new  policy,  the  priorities  are 
dynamic.  We  refer  to  the  proposed  scheduling  pohcy  as  the  Dynamic- Priority  (DP) 
Scheduling  Policy. 

Before  presenting  the  new  scheduling  policy,  we  review  the  Cfj,  rule  in  the  con¬ 
text  of  the  transmission  scheduling  problem.  The  messages  are  eissumed  to  be 
generated  according  to  a  Poisson  process.  Every  message  belongs  to  one  of  K 
classes,  which  are  denoted  by  1, 2, ....  K .  Messages  belonging  to  the  same  class  have 
the  same  cost  fimction  and  the  same  length  distribution.  The  cost  functions  are 
assumed  to  be  linear  and  we  use  C*  denote  the  cost  rate  of  messages  in  class  k.  for 

k  =  1,2 . K.  It  is  assumed  that  the  transmission  times  of  messages  in  cleiss  k  is 

exponentially  distributed  with  mean  T^.  Under  the  C fj.  rule,  a  static  priority  equal 
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to  Ckjj,k  is  assigned  to  every  message  in  class  !c:  the  priorities  are  used  to  transmit 
the  messages  according  to  a  preemptive  discipline;  i.e..  during  the  transmission  of 
a  message,  if  another  message  with  a  higher  priority  is  generated,  the  transmis¬ 
sion  of  the  former  will  be  interrupted  and  that  of  the  latter  will  be  initiated.  Note 
that,  since  the  message  length  distributions  are  exponential  and  thus  possess  the 
memoryless  property,  it  maices  no  difference  whether  the  transmission  of  the  pre¬ 
empted  message  is  resumed  from  where  it  was  interrupted,  or  from  the  beginins;. 
.\lso  note  that,  although  the  lengths  of  messages  are  known  after  their  generation, 
this  information  is  not  used  m  Cn  rule. 

The  fact  that  a  static  priority,  as  opposed  to  a  dynamic  one,  is  optimal  for  a 
dynamic  and  stochastic  scheduling  problem,  is  due  to  the  following  properties  of 
the  model.  Firstly,  the  linear  cost  function  satisfies  the  memor^'less  property:  i.e.. 
at  any  point  in  time,  the  marginal  cost  of  delaying  the  message  another  unit  of  time 
does  not  depend  on  how  long  the  message  has  already  been  delayed.  Secondly,  the 
e.xponential  transmission- time  distribution  also  satisfies  the  memoryless  property; 
i.e.,  at  any  point  in  time,  the  distribution  of  remaining  transmission  time  of  a 
message,  is  independent  of  how  long  it  has  been  in  transmission. 

Based  on  the  above  observations  regarding  the  properties  of  the  model,  the 
form  of  static  priority  is  intuitively  appealing.  Assume  that,  at  time  t.  one  of  two 
messages,  say  Mi  and  M2,  is  to  be  selected  for  transmission.  The  objective  is  to 
minimize  the  expected  sum  of  their  delay  costs.  Due  to  the  memoryless  properties 
of  the  linear  cost  function  and  the  exponentially-distributed  transmission  time,  we 
can  assume  that  these  messages  were  both  generated  in  the  system  at  time  t.  Let 
^'1  and  fco  denote  the  class  of  Mi  and  M2,  respectively.  Then,  if  Mi  is  transmitted 
at  time  t.  the  expected  sum  of  costs  will  be  +  iTk^  -t-  Tk^)Ck2-  Othersvise, 

it  will  be  (Tkn  +  Tk^]Ck^  +  fjtjCjt,.  Message  Mi  should  be  transmitted  first  if  the 
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latter  sum  exceeds  the  former  one.  which  is  the  case  if  Ck^/Tk^  =  Ck^fJ^k^  is  greater 
then  Ck^/Tk^  =  Cfc,^fc, .  In  other  words,  the  message  with  the  highest  static  priority 
should  be  transmitted  first. 

Now.  we  derive  the  dynamic-priority  scheduling  policy,  by  relaxing  the  assump¬ 
tions  underlying  the  Cfu,  nile.  In  fact,  we  make  no  assumptions  regarding  the 
message-arrival  process,  the  distribution  of  message  lengths,  and  the  cost  fimctions. 
But  we  allow  message  preemption  only  at  packet  boundaries. 

Under  the  C/i  rule,  where  the  cost  functions  are  assumed  to  be  linear,  the  cost 
rate,  Cjt,  provides  a  measure  of  urgency  for  messages  in  class  k.  To  define  the 
dynamic- priority  policy,  we  need  a  similar  measure  of  urgency  for  messages  with 
general  cost  ftmctions.  Let  Mn  be  the  nth  message  generated  in  the  system.  Let 
and  Cn(.)  denote  the  generation  time  and  cost  function  of  Mn.  respectively.  The 
cost  incurred  by  Mn  if  its  transmission  is  competed  at  time  t  is  Cnit  —  The 
instantaneous  cost  rate  at  time  t  is  c'(f  —  Tn),  where  c’„{t)  —  ^Cn{t}.  Clearly. 
c'(t  —  Tn)  cannot  be  used  as  the  role  measure  of  urgency  for  M„  at  time  t.  since  it 
does  not  account  for  possible  abrupt  cost  jumps  in  the  immediate  future.  Instead, 
we  use  a  discounted  average  of  the  cost  rate  over  all  future  time.  Let  Tn[t)  denote 
the  transmission  time  of  packets  remaining  in  M„  at  time  t.  We  define  the  urgency 
of  message  Mn  at  time  t  as 

Cn(f)  =  /  - - c(x-Tn)dx  (2.2) 

J  a 

t+Tn  ( t ) 


where  a  is  the  discounting  factor.  Since  the  minimum  possible  delay  of  Mn  is 
t  +  Tn{t)  —  Tn,  the  cost  rates  corresponding  to  delays  less  than  this  value  are  not 
included  in  the  integral.  We  define  the  dynamic  priority  of  message  Mn  as 


p  (t)  ^ 

’  Tnit) 


(2.3) 
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Under  the  dynamic-priority  scheduling  policy,  when  the  channel  is  idle,  the  message 
with  highest  dynamic  priority  is  transmitted.  (The  computational  complexity  is 
therefore  linear  in  the  number  of  backlogged  messages. )  Note  that  the  static  priority 
of  rule  is  equal  to  the  ( constant)  cost  rate  divided  by  the  expected  remaining 
transmission  time,  whereas,  the  dyneimic  priority  is  equal  to  the  discounted  cost 
rate  divided  by  the  actual  remaining  transmission  time. 

The  choice  of  the  discounting  factor,  a,  has  a  direct  effect  on  the  performance 
of  the  dynamic-priority  policy.  For  very  small  values  of  o,  only  the  cost  incurred 
in  the  immediate  future  is  effectively  taken  into  account.  This  is  not  optimal, 
for  example,  in  the  case  of  step  cost  functions,  it  can  cause  the  transmission  of  a 
message  at  the  expense  of  dropping  one  with  a  later  deadline  but  a  higher  penalty. 
For  very  large  values  of  a,  on  the  other  hand,  the  cost  too  fair  into  the  future  is 
taken  to  account  and  the  policy  becomes  too  conservative.  In  the  case  of  step  cost 
functions,  a  message  may  be  transmitted  at  the  cost  of  dropping  one  with  an  earlier 
deadline  and  lower  penalty,  where  in  faxrt  both  of  them  could  have  been  transmitted 
if  the  latter  were  transmitted  before  the  former.  As  we  shall  observe,  under  any 
traffic  condition  there  is  an  optim2il  value  of  a  at  which  the  expected  delay  cost  is 
minimized.  We  refer  to  the  dynamic-priority  policy  with  this  optimal  a  as  DPO 
policy.  Since  in  an  actual  system  it  is  not  practical  to  optimize  the  discounting 
factor  under  different  traffic  conditions,  we  shall  also  consider  the  performance  of 
the  dynamic-priority  policy  with  a  fixed  a.  Here,  we  set  a  equal  to  the  average 
transmission  time  of  a  message,  and  refer  to  the  policy  as  DPI. 


For  step  and  ramp  cost  functions,  we  have  derived  closed-form  formulas  for  the 
djmamic  priority  of  a  message.  If  message  has  a  step  cost  function,  with  penalty 
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of  Cp.n  and  deadline  of  dn,  its  priority  is  given  by 


D  f-^7^exp[-(dn  -  f-r,(f))/a],  if  dn  -  f- r„(f)  >  0: 

P_(/)  =  I  aTnit)  1 2.4 1 

lO,  otherwise. 

If  message  M„  has  a  ramp  cost  function,  with  cost  rate  of  Cr.n  and  deadline  of  d„. 
its  priority  is  given  by 


r 


p.it)  = 


Tn{t) 

Cr,n 


exp[-(dn  -  t  -  Tnit))/a\ 


[{  dn  —  t  —  Tn(t]  >  0: 
otherwise. 


(2.5) 


In  order  to  gain  some  insight  into  the  behavior  of  the  dynamic-priority  pohcy. 
we  have  plotted  in  Fig.  2.2  and  Fig.  2.3  ,  the  urgency  of  message  as  a  function 
of  the  earhest  possible  completion  of  transmission  (i.e..  t  4-  T„(t))  for  the  two  cases 
of  step  cost  function  and  ramp  cost  function,  respectively.  The  slack  time  at  time  t 
is  dn  —  {t  +  Tn(t)).  In  the  case  of  a  step  cost,  the  urgency  increases  exponentially  as 
the  slack  time  approaches  zero.  When  the  slack  time  becomes  negative,  the  urgency 
(and  thus  the  priority)  drops  to  zero.  This  is  to  be  expected,  since  if  slack  time 
is  negative,  the  message  cannot  possibly  be  transmitted  before  its  deadline  and 
might  as  well  be  dropped.  In  the  case  of  reimp  cost,  again,  the  urgency  increases 
exponentially  as  the  slack  time  approaches  zero.  When  the  slack  time  becomes 
negative,  the  urgency  becomes  constant  and  equal  to  the  cost  rate  Cr,n-  The  priority 
becomes  Cr.n/Tnlt),  which  is  similar  to  the  priority  in  Cju  rule,  namely  Ck/Tk- 


2.3  Performance 

The  performance  of  the  scheduling  policies  which  were  presented  in  the  previous 
sections  are  evaluated  here.  The  performance  measure  is  the  expected  cost  per 
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t-^Tn  (t) 


Fig.  2.2  Delay  cost  and  urgency  versus  the  earliest  possible  completion  time  for 
the  step  cost  function. 
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message.  As  mathematical  analysis  proved  to  be  complex,  regenerative  simulation 
is  used  to  estimate  the  performance. 

2.3.1  Traffic  Model 

In  order  to  put  the  various  policies  to  the  test  and  to  compare  their  performance, 
we  choose  the  following  traffic  model.  Messages  are  assumed  to  be  generated  ac¬ 
cording  to  a  Poisson  process.  Two  message  length  distributions  are  considered: 
deterministic  and  exponential.  The  length  of  message  M„  is  denoted  by  Z„.  and 
its  transmission  time  by  Tn-  The  mean  message  length  is  denoted  by  L.  and  the 
mean  transmission  time  by  T.  The  maximum  adlowable  packet  length  is  denoted 
by  A',  and  its  transmission  time  by  5.  If  L„  is  not  greater  than  K.  message  M„  is 
transmitted  as  a  single  packet.  Othenvise.  it  is  divided  into  a  number  of  packets 
which,  except  for  the  last  one,  are  ail  of  length  K.  The  channel  load  factor  p  is 
defined  by  p:  p  =  XLIR  =  AT. 

Two  types  of  cost  functions  are  considered:  step  and  ramp.  As  in  Fig.  2.1.  the 
delay  allowance  of  message  M„  is  denoted  by  Ca,n-  Clearly,  the  delay  allowance  of 
a  message  must  be  greater  than  its  transmission  time.  We  choose  an  exponential 
distribution  for  the  difference  between  the  delay  allowance  and  message  transmission 
time.  Let  Ca  denote  the  mean  delay  allowance.  We  also  choose  the  penalties 
Cp,n  (for  the  step  function),  and  Cr.n  (for  the  ramp  function),  to  be  exponentially 
distributed,  with  mean  Cp  and  Cr,  respectively. 

This  traffic  model  is  an  arbitrttry  but  general  one.  It  introduces  no  bias  in  favor 
of  any  specific  policy,  and  therefore  is  considered  here  to  be  a  valid  one  for  testing 
the  various  schemes. 
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2.3.2  Simulation 


Discrete  event  simulation  is  used  to  evaluate  the  performance  of  scheduling 
pohcies.  Based  on  the  standard  regeneration  method  [CRAN75].  point  and  interval 
estimates  of  the  expected  cost  per  message  are  obtained. 

The  system  state  consists  of  the  set  of  messages  queued  at  the  network,  their 
arrival  times,  remaining  transmission  times,  cost  functions,  and  the  identity  of  mes¬ 
sage  being  transmitted.  The  state  in  which  there  are  no  messages  queued  in  rhe 
network  and  none  is  being  transmitted,  is  referred  to  as  the  empty-and-idle  state. 
Since  messages  are  generated  according  to  a  Poisson  process,  the  successive  tran¬ 
sitions  to  the  empty-and-idle  state  constitute  as  set  of  regeneration  points.  The 
simulation  is  initiated  from  the  empty-and-idle  state. 

The  delay  and  cost  function  of  the  nth  message  generated  in  the  system.  M^. 
are  denoted  by  Dn  and  c„(.),  respectively.  (If  Mn  is  dropped.  Dn  will  be  equal  to 
infinity.)  The  objective  is  to  obtaun  point  aind  interval  estimates  for  the  e.xpected 
cost  per  message  c  as  defined  by  (2.1).  Let  Jk  denote  the  number  of  messages 
generated  in  the  A:th  regenerative  cycle.  Let  dfc  =  7i  +  72  -f  ...  -I-  7fc  for  all  k  >  0. 
Then,  the  total  cost  incurred  for  the  messages  generated  in  the  kih.  cycle  is  given 
by 

2  c„(D„)  (2.6) 

Since  the  regeneration  cycles  axe  i.i.d,  the  pairs  (Yk,  yjt)  for  fc  >  0.  are  i.i.d. 

For  a  given  number  of  regeneration  cycles  say  m.  the  point  estimate  of  c  is 
denoted  by  am)  and  is  given  by 

m 

En 

am)  =  ~ —  (2.7) 

S  7jt 

*=1 
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Based  on  the  law  of  large  numbers  for  i.i.d.  sequences  of  random  variables,  c  rni  is 
a  strongly  consistent  estimate  of  c;  i.e..  it  converges  with  probability  one  to  c  as 
m  —<■  oc. 

Using  the  central  hmit  theorem  for  i.i.d  random  variables,  asymptotic  confidence 
interval  of  c  can  be  obtained  [CRAN75].  Let  Um)  be  the  95%  asymptotic  confidence 
interval  of  c,  after  m  regeneration  cycles.  This  means  that,  for  large  m.  the  inter'val 
Lm)  contains  the  unknown  constant  c  approximately  95%  of  the  time.  For  the 
simulation  results  presented  below,  the  number  of  regeneration  cycles  m  is  not  fixed 
at  the  begining  of  the  simulation.  For  every  estimate,  enough  regeneration  cycles 
are  obtained  imtil  half  of  the  length  of  the  95%  confidence  interval  Jimi  becomes 
less  than  10%  of  the  value  of  point  estimate  c{m). 

2.3.3  Numerical  Results 

The  simulation  results  presented  here  provide  a  comparative  performance  eval¬ 
uation  of  the  scheduling  policies  which  were  presented  in  section  2.  As  stated  above, 
the  performance  measure  is  the  expected  cost  per  message,  c.  The  scheduling  poH- 
cies  along  with  their  abbreviations  are  listed  below. 


FCFS 

First  Come  First  Served 

RR 

Round  Robin 

HPFS 

Highest  Penalty  First  Served 

LSFS 

Lowest  Slack  time  First  Served 

ESFS 

Earliest  Slot  First  Served 

DPI 

Dynamic  Priority  with  a  =  T 

DPO 

Dynamic  Priority  with  Optimized  a 

Before  comparing  the  scheduling  policies,  let  us  examine  the  effect  of  the  dis¬ 
counting  factor  on  the  performance  of  the  dynamic-priority  policy.  Figure  2.4  de¬ 
picts  c  versus  the  normalized  discounting  factor.  a/T.  for  different  combinations  of 
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Expected  Delay-Cost  per  Message,  c 


Fig,  2.4  Expected  cost  per  message  versus  normalized  discounting  factor,  for  dif¬ 
ferent  combinations  of  message-length  distributions  and  cost  functions. 
p  =  0.8.  L  =  A'.  Ca  =  oT.  and  Cp  =  1. 
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message-length  distributions  and  cost  functions,  p  =  O.S.  L  =  K.  Ca  =  oT.  and 
Cp  =  1.  (Note  that  multiplying  Cp  by  a  factor  will  only  scale  c  by  that  factor.) 
As  shown  in  Fig.  2.4,  for  every  combination  of  message-length  distribution  and  cost 
ftinction,  there  is  an  optimal  a,  at  which  the  expected  cost  per  message  is  minimum. 
Furthermore,  c  is  not  very  sensitive  to  a  around  this  minimum. 

Figures  2.5-2. 8  show  the  expected  cost  per  message  versus  normalized  mean 
delay  allowance.  Ca/T.  for  various  combinations  of  message  length  distributions 
and  cost  functions.  In  these  figures,  p  =  O.S.  L  —  K.  and  Cp  =  1.  Clearly  as 
the  mean  delay  allowance  increases,  the  expected  cost  decreases.  In  all  cases  the 
dynamic-priority  policies  perform  better  than  all  other  policies.  Furthermore,  the 
ranking  of  the  policies  in  terms  of  their  performance  is  the  same  throughout.  We 
note,  however,  that  the  difference  in  performance  is  more  pronounced  when  the  cost 
functions  are  of  the  ramp  type  (figures  2.6  and  2.8)  than  when  they  are  of  the  step 
type  (figures  2,5and  2.7).  This  is  explained  as  follows.  With  a  step  cost  function, 
if  a  message  is  not  transmitted  before  its  deadline,  the  message  is  lost:  although 
a  penalty  is  incurred,  the  system  is  temporarily  relieved,  in  that  there  is  one  less 
message  to  transmit.  However,  when  a  message  has  a  ramp  cost  function,  it  must 
eventually  be  transmitted,  even  if  it  is  past  its  deadline.  This  means  that  in  the 
latter  ctise,  the  load  is  consistently  higher,  causing  inferior  schemes  to  become  even 
worse,  causing  in  turn  large  gaps  among  the  pohcies. 

In  figures  2.5  and  2.6,  where  the  message  length  is  deterministic  (and  contains  a 
single  packet,  since  L  was  chosen  equal  to  K)  FCFS  and  roimd  robin  are  identical. 
This  is  not  the  case  for  random  message  lengths  (Figures  2.7  and  2.8)  although  the 
difference  between  the  two  is  minimal.  FCFS  and  round  robin  perform  the  worst 
among  all  policies  as  they  do  not  take  into  twtcount  information  regarding  deadlines 
and  penalties;  all  other  policies  (LCFS,  ESFS.  and  DP)  perform  better  owing  to 
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Fig.  2.5  Expected  cost  per  message  versus  normalized  mean  delay  allowance,  for 
fixed-length  messages,  step  cost  functions,  p  =  O.S.  L  =  A',  and  Cp  =  1. 
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Normalized  Mean  Delay  Allowance, 


Fig.  2.6  E-Kpected  cost  per  message  versus  normalized  mean  delay  allowance,  for 
fixed-length  messages,  ramp  cost  functions,  p  =  O.S.  L  =  K .  and  Cr,  =  1. 


Expected  Delay-Cost  per  Message,  c 


Fig.  2.7  E.xpected  cost  per  message  versus  normalized  mean  delay  allowance,  for 
exponentially-distributed  message  lengths,  step  cost  functions,  p  =  O.S. 
L  =  K.  and  Cp  =  1. 
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Fig.  2.S  Expected  cost  per  message  versus  normalized  mean  delay  allowance,  for 
exponentially-distributed  messages,  ramp  cost  functions,  o  =  O.S.  L  =  K. 


using  partial  or  complete  information.  Finally,  it  is  interesting  to  note  that,  in 
the  case  of  fixed  message  length  (with  L  =  K)  and  step  cost  function  (Fig.  2.5!. 
when  Ca/T  =  1  only  those  messages  which  are  generated  in  an  empty  system  are 
transmitted  and  all  other  messages  are  lost,  since  in  this  case  the  delay  allowance 
of  every  message  is  equal  to  its  transmission  time. 

Figures  2.9-2.12  show  the  performance  c  versus  p  for  the  \'arious  combinations 
of  message-length  distributions  and  cost  functions.  In  these  figures.  Cn,T  =  3. 
Both  DPI  and  DPO  outperform  all  other  policies  under  all  load  conditions.  The 
ranking  among  the  policies  is  the  same  zis  in  figures  2. 5-2. 8(  where  p  =  O.S)  except 
for  the  crossover  between  HPFS  and  LSFS  as  p  increaises  toward  1.  The  crossover  is 
explained  by  the  fact  that,  when  p  is  large,  the  probability  that  a  message  exceeds 
its  deadline  becomes  high,  rendering  the  information  regarding  the  slack  rime  '  used 
by  LSFS)  less  important  than  the  information  regarding  penalty  and  penalty  rate 
(used  by  HPFS). 

Figures  2.13-2.16  show  the  performance  versus  the  normalized  maximum  packet 
length,  K/L.  For  fixed  message  lengths  (figures  2  13  and  2.14),  the  expected  cost 
c  is  constant  for  all  values  of  K/L  >  1.  since  in  this  case  the  message  is  transmit¬ 
ted  as  a  single  packet  (albeit  partially  full);  the  interesting  part  of  these  curv'es  is 
therefore  the  range  K/L  <  1.  When  K/L  <  1.  a  message  contains  more  than  one 
packet  and  thus  RR  and  FCFS  are  not  identictd.  In  general,  two  effects  come  into 
play  when  messages  contain  more  than  one  packet:  on  one  hand,  there  are  as  many 
scheduhng-decision  opportunities  as  there  are  packets,  and  thus,  the  more  packer 
there  are,  the  more  opportunities  there  are:  on  the  other  hand,  servuce  preemption 
tends  to  increase  the  mean  message  delay  [KLEI76],  and  thus  could  drive  rhe  cost 
c  up.  For  RR.  which  does  not  use  any  information  regarding  penalty  and  cost,  only 
the  second  effect  comes  into  paly  causing  c  to  exceed  that  of  FCFS  and  to  increase 
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Fig.  2.10  Expected  cost  per  message  versus  load  factor  p  for  fixed-length  messages, 
ramp  cost  functions,  Cn  =  oT,  L  =  A',  and  Cn  =  1. 
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Fig.  2.11  Expected  cost  per  message  versus  load  factor  p  for  e.xponentiaily-distribut 
message  lengths,  step  cost  functions.  Ca  =  oT.  L  =  K.  and  C,,  =  1. 
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Fig.  2. 12  Expected  cost  per  message  versus  load  factor  p  for  exponentially-distributed 
messages,  ramp  cost  functions.  Ca  ~  oT.  L  =  K.  and  Cn  =  1. 
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Fig.  2.13  Expected  cost  per  message  versus  normalized  maximum  packet  len 
{k/L)  p  for  fixed-length  messages,  step  cost  functions,  p  —  O.S.  Ca  =  ■ 
and  Cp  =  1. 


44 


Expected  Delay-Cost  per  Message,  c 


Expected  Delay-Cost  per  Message,  c 


Normalized  Maximum  Packet  Length,  K/Z 


Fig.  2.15  Expected  cost  per  message  versus  normalized  maximum  packet  length 
{Kj L]  for  exponentiaUy-distributed  message  lengths,  step  cost  functions. 
p  ~  O.S.  Ca  =  oT.  and  Cp  =  1. 
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with  decreasing  values  of  KjL.  For  all  other  policies,  there  is  a  tradeoff  between  the 
gain  achieved  with  a  large  number  of  decision  opportunities  and  the  loss  incurred 
with  the  increaise  of  mean  message  delay.  The  DP  policies  show  consistent  improve¬ 
ment  which  gets  more  significant  as  K/L  decreases.  The  change  in  performance 
achieved  in  LSFS  and  HPFS  is  not  as  certain,  and  HPFS  in  the  case  of  a  ramp  cost 
fimction  actually  degrades  with  decreasing  vales  of  K/L  (figures  2,13  and  2.16). 
The  results  obtained  for  exponential  message  lengths  are  similar  to  those  discussed 
above,  except  that  c  is  not  constant  for  K/L  >  1. 


2.4  Summary 

The  problem  of  scheduling  of  message  transmissions  in  broadcast  local  area 
networks  was  considered  here.  By  assigning  cost  to  message  delays,  we  formulated 
a  transmission  scheduling  problem.  The  objective  was  to  find  a  scheduling  policy 
which  minimized  the  expected  cost  per  message.  Finding  such  an  optimal  scheduling 
policy  is  analytically  intractable.  We  proposed  two  suboptimal  scheduling  policies. 
The  first  is  based  on  the  optimal  static  scheduling  and  can  be  \:sed  for  fixed-length 
messages  and  for  step  cost  functions.  The  second  policy  is  a  generalization  of  the 
C pL  rule  and  can  be  used  for  general  message-length  distributions  and  general  cost 
functions.  Using  regenerative  simulation,  we  showed  that  both  policies  outperform 
other  common  scheduling  polices.  In  the  next  chapter  we  show  tha’’  how  these 
policies  can  be  implemented  in  a  distributed  environment. 
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Chapter  3 


Broadcast  Local  Area  Networks  incorpo¬ 
rating  Scheduling  Policies 


In  the  previous  chapter  %ve  studied  a  number  of  scheduling  policies  under  ideal 
conditions  (i.e.,  perfect  and  instanteineous  knowledge  of  relevant  information:  mes¬ 
sages,  their  cost,  penalty,  etc.).  In  this  chapter  we  axe  concerned  with  the  incorpora¬ 
tion  of  these  policies  in  broadctist  local  tirea  networks  in  view  of  integrating  services; 
i.e.,  supporting  different  applications  and  satisfying  their  requirements.  There  are 
two  issues  involved.  One  is  the  provision  of  eflBcient  channel  access  schemes  for 
broadcast  local  area  networks  operating  at  high  speed.  The  other  issue  is  the  provi¬ 
sion  of  necessary  mechanisms  for  the  implementation  of  scheduling  policies.  There 
axe  efficient  channel  access  schemes  based  on  the  attempt-and-defer  access  mecha¬ 
nism  which  solve  the  first  problem  and  which  constitute  the  basis  for  our  solution. 
With  respect  to  the  second  problem,  we  choose  to  consider  a  distributed  imple¬ 
mentation  for  two  reasons.  The  first  is  reliability;  with  distributed  scheduling,  the 
system  is  not  dependent  on  the  proper  operation  of  a  central  scheduler.  The  second 
is  improved  performance,  in  terms  of  both  delay  and  channel  utihzation.  This  is 
due  to  the  fact  that,  in  distributed  scheduling,  only  stations’  local  information  must 
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be  broadcast  on  the  network  to  the  central  scheduler,  and  the  control  information 
from  the  central  scheduler  back  to  the  stations  is  not  required.  We  propose  in  this 
chapter  a  scheme  which  includes  (i)  a  mechanism  for  the  dissemination  of  all  rele- 
v'ant  information  required  by  the  scheduling  policy,  and  (ii)  a  station  architecture 
which  allows  the  implementation  of  any  of  the  scheduling  policies  described  in  the 
previous  chapter. 

Before  we  present  the  distributed  description  of  the  scheme,  we  begin  by  giving 
a  short  review  of  the  attempt-and-defer  access  schemes  for  high  speed  LAN.  Then, 
we  give  a  brief  disctission  of  the  basic  requirements  for  distributed  implementation 
of  scheduling  policies. 


3.1  Attempt-and-Defer  Access  Schemes 

High-performance  bus-oriented  local  area  networks  have  recently  become  fea¬ 
sible  due  to  the  emergence  of  a  new  class  of  demand  assignment  multiple-access 
(DAMA)  schemes  [FINE84]  which,  unlike  CSMA/CD  [STAL84,  METC76]  and  the 
IEEE  token-passing  schemes  [STAL84,  IEEE83]  can  effectively  utilize  high  band- 
widths. 

The  new  DAMA  schemes  are  based  on  the  attempt-and-defer  mechanism  [FINES4 
and  employ  a  unidirectional  bus  structure.  Broadcast  communications  is  achieved 
in  two  ways.  The  first  approach  is  to  fold  a  unidirectional  cable  onto  itself  so  tis 
to  create  two  channels,  an  outbound  channel  onto  which  the  users  transmit  packets 
and  an  inbound  channel  from  which  users  receive  packets:  ail  signals  transmitted  on 
the  outbound  channel  are  returned  on  the  inboimd  channel,  ais  shown  in  Fig.  3.1(  a). 
This  will  be  referred  to  as  the  folded  bus  structure,  .\nother  way  to  achieve  broadcast 
communications  is  to  provide  two  unidirectional  busses  with  signals  propagating  in 
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INBOUND  CHANNEL 


ia;  Folded  Bus  Structure 


(b)  Dual  Bus  Structure 


Fig.  3.1  Unidirectionzd  bus  structiires. 

opposite  directions  as  shown  in  Fig.  3.1(b).  This  will  be  referred  to  as  the  dual  bus 
structure. 


In  both  the  folded  bus  and  dual  bus  structures,  on  every  unidirectional  bus 
segment  to  which  stations  are  connected,  there  exists  an  implicit  ordering  among 
the  stations  which  the  DAMA  schemes  under  consideration  make  use  of.  These 
schemes  also  require  that  on  every  unidirectional  bus  segment,  each  station  be  given 
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the  ability  to  sense  activity  due  to  stations  on  the  upstream  side  of  its  transmit  tap. 
In  the  dual  bus  structure  the  receive  taps  provide  this  fimction  while  in  the  folded 
bus  structure,  as  shown  in  Fig.  3.1(a),  additional  sense  taps  are  needed. 

The  attempt-and-defer  access  mechanism  basically  operates  as  follows.  A  sta¬ 
tion  wishing  to  transmit  on  a  given  bus  waits  until  that  bus  is  idle.  It  then  begins 
to  transmit,  thus  establishing  its  desire  to  acquire  the  bus.  However,  if  another 
transmission  from  upstream  is  detected,  the  station  aborts  its  transmission  and 
defers  to  the  one  from  upstream.  The  most  upstream  transmission  is  therefore  al¬ 
lowed  to  continue  conflict-free.  Examples  of  networks  using  the  attempt-and-defer 
access  mechanism  are  Expressnet  [TOBA83],  Fasnet  [LIMB82],  U-Net  [GERLS3a]. 
Token-Less  Protocols  (TLP)  [RODR84],  MAP  [MARS82],  and  Buzznet  [GERLS3b]. 

.\s  an  example,  consider  the  access  scheme  of  E.xpressnet.  The  synchronizina: 
event  used  by  stations  to  determine  when  to  transmit  is  the  end-of-carrier  on  the 
outboimd  channel  (EOC(out)).  All  stations  with  packets  ready  to  be  transmitted 
attempt  to  trtmsmit  when  they  detect  EOC(out)  tind  defer  to  upstream  transmis¬ 
sions.  Clearly,  a  station  that  has  completed  the  transmission  of  a  packet  in  a  given 
round  will  not  encoxmter  the  event  EOC(out)  again  in  that  round,  thus  guarantee¬ 
ing  that  no  station  will  transmit  more  than  once  in  a  given  roimd.  Define  a  train  to 
be  the  succession  of  transmissions  in  a  given  round.  Due  to  the  special  bus  arrange¬ 
ment  shown  in  Fig.  3.1(a),  the  end  of  a  train  on  the  inboimd  channel  (EOT(in)) 
will  visit  each  station  in  the  same  order  as  they  are  permitted  to  transmit.  To 
start  a  new  round,  EOT(in)  is  used  as  the  synchronizing  event,  in  the  same  way 
that  EOC(out)  was  used  in  the  above  description.  Thus  stations  synchronize  their 
transmissions  to  the  first  of  two  events,  EOC(out)  or  EOT(in).  (Note  that,  at  a 
given  station,  onh'  one  such  event  can  occur  at  a  time. ) 

Besides  Expressnet.  MAP  also  uses  a  folded  bus  structure;  all  other  systems  use 
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the  ducd  bus  structure.  U-Xet.  TLP.  and  Buzznet  require  that  packets  be  transmit¬ 
ted  simultaneously  on  both  busses;  at  any  one  time,  however,  the  access  arbitration 
is  performed  only  on  one  of  the  busses.  In  Fasnet,  the  busses  are  accessed  inde¬ 
pendently;  the  transmissions  are  time-slotted;  on  each  bus.  the  most  downstream 
station,  by  setting  a  bit  at  the  beginning  of  a  slot  on  the  other  bus.  indicates  the 
end  of  round  to  the  most  upstream  station  which  in  turn  starts  a  new  romd. 

The  most  significant  difference  among  attempt-and-defer  protocols  is  in  'he  way 
new  rounds  are  generated  [FINE84].  Otherwise,  using  any  of  these  protocols,  packet 
transmissions  in  a  roimd  are  without  overlap  and  with  a  minimum  gap  separating 
them.  A  gap  equal  to  the  round  trip  delay  is  incurred  only  once  at  the  end  of  a 
round.  This  is  in  contrast  with  the  CSMA/CD  or  IEEE  S02  token  passing  scheme, 
in  which  gaps  of  the  order  of  the  round  trip  delay  occur  between  any  two  consecutive 
packet  transmissions. 


3.2  B£Lsic  Requirements  for  the  Distributed  Implementa¬ 
tion  of  Scheduling  Policies 

In  order  to  implement  a  scheduling  policy  in  a  distributed  environment,  (e.g. 
a  broadcast  LAN  such  as  those  described  above)  one  miost  provide  two  additional 
basic  functions;  namely:  (i)  a  broadcast  mechanism  for  the  dissemination  of  rele%'ant 
information  concerning  the  traffic  to  be  trcinsmitted.  and  (ii)  the  scheduling  logic 
to  be  implemented  in  each  station. 

A.  Broadcast  Mechanism 

In  order  to  be  able  to  transmit  a  message,  a  station  must  first  broadcast  in¬ 
formation  to  all  other  stations  regarding  this  message.  This  information  includes 
the  generation  time,  the  cost  function,  the  length  of  the  message,  and  the  identity 
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of  the  source  station.  For  all  practical  purposes,  we  may  refer  to  the  transmission 
of  such  information  as  a  request.  It  is  important  that  the  mechanism  devised  be 
simple,  robust,  reliable,  and  efficient. 

As  requests  are  generated  by  the  various  stations  randomly,  the  transmission  of 
such  requests  invoke  the  use  of  channel  access  protocols  that  (i)  must  be  efficient 
and  (ii)  do  not  introduce  excessive  delays.  From  a  practical  point  of  view,  it  is  most 
likely  that  all  traffic  will  belong  to  a  certain  finite  number  of  classes,  whereby  the 
cost  function  for  all  messages  in  a  given  class  is  the  same  and  can  be  considered 
known  a  priori  to  all  stations.  This  allows  the  cost  function  of  a  message  to  be 
replaced  by  its  class. 

Furthermore,  it  is  clear  that  if  the  information  regarding  requests  is  made  more 
implicit,  the  broadcast  mechanism  becomes  more  robust.  For  example,  as  we  shall 
see  below  when  presenting  our  proposal,  stations  do  not  require  the  complete  knowl¬ 
edge  about  the  identity  of  source  stations.  Every  station  just  needs  to  know  if  a 
received  request  belongs  to  it  or  some  other  station.  This  information  can  easily 
be  obtained  if  the  station  knows  the  delay  from  its  transmitter  to  its  receiver,  and 
stores  the  times  at  which  it  has  made  requests.  As  another  example,  the  generation 
time  of  a  message  may  be  deduced  (to  a  sufficient  accuracy)  from  the  time  at  which 
a  request  is  received  (or  transmitted),  therefore  obviating  the  need  to  transmit  such 
information  explicitly  and  to  keep  all  stations  clock  synchronized. 

B.  Stations  ’  Scheduling  Logic 

Clearly,  for  a  distributed  implementation  of  scheduling  policies,  it  is  necessary' 
for  the  scheduling  algorithm  to  be  implemented  in  each  station.  This  requires  special 
consideration  concerning  the  stations'  architecture.  First  of  all.  we  require  the 
architecture  to  be  general  enough  to  accommodate  a  variety  of  scheduling  policies. 
Secondly,  the  architecture  and  its  components  must  be  simple  enough  to  allow  VLSI 


54 


implementation  thereof.  Finally,  the  architecture  and  its  implementation  should  be 
efficient  in  that  the  time  it  takes  the  scheduling  algorithm  to  reach  the  result  be 
short  enough  so  as  not  to  affect  the  overall  performance. 


For  the  distributed  implementation  of  a  scheduling  policy  btised  on  the  above 
two  functions  to  operate  properly,  a  requirement  referred  to  here  as  consistency 
must  be  satisfied.  This  means  that  the  result  of  the  scheduling  algorithm  within  a 
station  as  to  which  message  is  to  be  transmitted  at  a  given  point  in  rime  i  relative 
to  that  stations's  location)  must  be  consistent  with  the  same  at  all  other  stations. 
This  concept  is  further  elaborated  upon  when  we  describe  our  design. 


3.3  A  Design  Meeting  The  Requirements 

In  this  section  we  describe  a  proposal  for  a  high-speed  network  incorporating 
the  transmission  scheduling  policies.  The  basis  of  this  proposal  is  Expressnet  with 
its  doubly  folded  bus  topology.  We  consider  the  various  apphcations  to  belong  to  a 
number  of  classes.  All  messages  in  a  class  have  the  same  cost  fimction  considered  to 
be  known  a  priori  to  all  stations.  Furthermore,  to  simplify  the  design,  we  consider 
a  slotted  system  (similar  to  Fasnet)  and  assume  that  all  messages  consist  of  a  single 
packet  whose  transmission  time  is  equal  to  the  slot  size. 

3.3.1  Broadcast  Mechanism 

Consider  the  folded  bus  configuration  shown  in  Fig.  3.1(a).  We  assume  that 
upstream  to  each  transmitter  there  is  a  receiver.  The  most  upstream  user  transmits 
a  clock  signal  which  keeps  the  system  bit  synchronous.  From  this  clocking  informa¬ 
tion.  users  listening  to  the  channel  are  able  to  identify  fixed  length  slots  traveling 
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Fig.  3.2  Slot  Format. 

downstream.  Each  slot  begins  with  a  control  field.  (See  Fig.  3.2.)  The  control  field 
consists  of  a  busy  bit  (BB),  reset  bit  (RS),  and  one  request  bit  for  each  of  the  traffic 
classes  supported  by  the  network.  We  denote  the  request  bit  of  class-i  traffic  by 

RBfc. 

Two  algorithms  for  setting  the  request  bits  are  proposed  resulting  in  two  servdce 
disciplines:  most-upstream- first-served  (MUFS)  and  round  robin.  In  the  MUFS 
approach,  a  station  with  a  backlogged  class-k  request  sets  smd  reads  RBfc.  If  it 
reads  RBfc=0,  then  it  was  successfuL  Otherwise,  it  should  try  again  in  the  next 
slot. 

In  the  rotmd-robin  version  the  access  protocols  corresponding  to  different  classes 
run  independently.  We  describe  the  access  protocol  corresponding  to  class  k.  We 
first  describe  how  the  stations  aiccess  the  class-k  request  bits  within  the  round  and 
then  describe  the  mechanism  by  which  a  new  rormd  is  initiated.  Within  a  round  a 
station  can  set  RBfc  of  a  slot,  only  if  in  the  previous  slot  it  reads  RBfc  =  1.  In  that 
case  it  simultaneously  sets  and  reads  RBfc;  setting  an  already  set  bit  is  assumed 
to  have  no  effect.  If  it  reads  RBfc  =  0,  then  it  was  successful.  Note  that  within  a 
round,  every  station  may  set  RBfc  only  once. 

The  mechanism  for  initiating  a  new  round  is  similar  to  Expressnet.  Define 
a  train  to  be  a  succession  of  RBfc=l  in  a  given  round.  The  end  of  a  train  on 
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the  inbound  channel.  EOT(in),  is  detected  whenever  an  RB(t=l  is  followed  by  an 
RBfc=0.  To  start  a  new  round,  EOT(in)  is  used  as  the  synchronizing  event.  To 
avoid  losing  synchronization,  after  detecting  EOT(in).  all  stations  set  the  first  RBt 
on  the  outbound  channel.  Therefore  the  first  RB;-  in  such  round  is  ignored.  Note 
that  at  the  beginning  of  the  round,  although  the  most-upstream  station  does  not 
read  RBjt(out)=0,  it  nevertheless  accesses  the  request  bit  as  if  it  was  set. 

3.3.2  Station  Architecture 

The  station  architecture  is  depicted  in  Fig.  3.3.  For  each  class  of  traffic  there 
exists  a  local  request  queue  and  a  shift  register.  In  addition  to  these,  there  is  a 
packet  buffer,  a  global  request  queue,  and  a  scheduler.  When  a  packet  is  generated, 
it  is  put  in  the  packet  buffer.  At  the  same  time,  a  request  is  put  in  the  local 
request  queue  of  the  appropriate  class.  The  request  which  is  put  in  the  local  queue 
is  the  pointer  to  the  packet  in  the  packet  btiffer.  Requests  aure  broadcast  using  one 
of  the  mechanism  described  above.  Recadl  that  broadcaisting  a  request  of  class  k 
corresponds  to  setting  the  class-fc  request  bit  RBfc.  When  the  station  successfully 
sets  RBjt,  it  removes  the  request  from  the  head  of  class- A:  local  queue  and  inserts  it 
in  the  class-fc  shift  register.  At  all  other  times  a  nil  pointer  is  inserted  in  the  shift 
registers. 

The  delay  through  each  of  the  shift  registers  is  equal  to  the  propagation  delay 
from  the  transmitter  of  the  station  to  its  receiver.  (Note  that,  in  the  folded  bus 
topology  of  Fig.  3.1(a),  this  delay  is  the  stime  for  all  stations.)  Whenever  a  set 
RBjt  is  observed  on  the  inbound  channel,  the  output  of  the  class-1:  shift  register 
is  removed  and  tagged  wth  the  broadcaist-time  of  the  request  and  its  class,  and 
put  in  the  global  queue.  (RBt=l  at  the  begining  of  the  round  under  the  round 
robin  algorithm  is  ignored.)  Note  that  if  the  pointer  is  nil  the  request  belongs  to 
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another  station,  otherwise  it  belongs  to  the  same  station.  (Hence,  there  is  no  need 
to  transmit  station  identification  in  the  request.) 

The  broadcast-time  of  the  request,  which  is  equal  to  the  time  the  request  is 
received  on  the  inbound  channel  minus  the  round-tip  delay,  is  used  as  an  estimate 
for  the  generation  time  of  the  packet.  The  inaccuracy  in  this  estimate  is  equal  to 
the  queueing  delay  at  the  local  queues.  The  queueing  delay  at  every  local  queue 
is  a  fimction  of  the  load  factor  at  that  queue,  i.e..  the  average  number  of  requests 
generated  in  that  class.  Clearly,  the  lower  the  load  factor  is.  the  smaller  the  queueing 
delay  is.  If  the  total  traffic  is  uniformly  distributed,  among  classes,  the  load  factor 
for  each  of  the  classes  is  low.  If,  on  the  other  hand,  a  large  fraction  of  traffic  is  in 
one  class,  then  the  load  factor  for  that  class  is  large.  To  reduce  the  lead,  more  than 
one  request  bit  may  be  allocated  to  that  class;  this  has  the  effect  of  dividing  the 
load  into  several  queues,  each  with  lower  load  and  delay. 

Each  request  in  the  global  queue  consists  of  a  packet  pointer  (possibly  nil),  a 
class,  and  an  estimate  of  generation  time.  The  class  specifies  the  cost  function  of 
the  message.  The  scheduler  uses  the  cost  fimctions  and  the  (estimated)  generation 
times  to  select  a  packet  for  trtinsmission  in  the  next  slot.  If  the  pointer  of  the 
scheduled  packet  is  nil,  then  the  scheduled  packet  belongs  to  the  some  other  station. 
Otherwise,  the  packet  belongs  to  the  same  station  and  must  be  transmitted  in  the 
next  slot. 

Due  to  the  special  feature  of  the  folded  bv.s  topology,  there  is  consistency  among 
the  stations.  To  illustrate  this,  we  consider  the  stations  Si  and  S2,  where  Si  is 
upstream  to  S2.  The  propagation  delay  from  the  transmitter  of  Si  to  the  transmitter 
of  S2  is  equal  to  the  propagation  delay  from  the  receiver  of  Si  to  the  receiver  of  S2. 
Recall  that  the  content  of  the  global  queue  at  a  station  is  only  a  fimction  of  the 
requests  received  by  that  station  on  the  inbound  channel.  Therefore,  the  state  of 
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the  globed  queue  at  Si  when  a  slot  arrives  at  Si.  is  identical  to  the  state  of  global 
queue  at  S2  when  the  same  slot  reaches  S2. 

Before  transmitting  the  packet  in  the  slot,  the  station  checks  the  busy  bit  (BB1 
of  the  slot.  If  BB  is  not  set,  the  station  sets  it  and  transmits  its  packet.  If  BB 
is  already  set,  it  means  that  the  slot  is  used  by  some  upstream  station.  Such  a 
conflict  can  occtir  only  if  there  heis  been  inconsistency  among  the  global  queues. 
In  that  case,  the  station  detecting  the  error  sets  the  reset  bit  (RS).  so  rhat  the 
head  station  broadcast  the  content  of  its  global  queue.  The  RS  is  also  used  by  the 
stations  which  are  becoming  active  to  acquire  the  content  of  the  global  queue.  Thus, 
if  inconsistency  is  to  occur  due  to  errors,  the  redundtincy  created  by  BB  allows  the 
stations  to  detect  it  and  recover  from  it. 


3.4  Summary- 

In  this  chapter,  we  presented  a  broadcEist  local  area  network  for  integrated- 
services  applications.  This  network  was  based  on  the  distributed  implementation 
of  scheduling  policies.  The  proposed  scheme  included  (i)  a  mechanism  for  the  dis¬ 
semination  of  all  relevant  information  required  by  the  scheduling  policy,  and  (ii) 
a  station  architecture  which  allowed  the  implementation  of  the  scheduling  poli¬ 
cies  described  in  the  previous  chapter.  The  broadcast  protocol  was  based  on  the 
attempt-and-defer  access  mechanism.  In  the  next  chapter,  we  will  present  a  number 
of  fiber  optic  conflgurations  for  local  area  networks,  in  particular  those  based  on 
the  attempt-and-defer  access  mechanism. 
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Chapter  4 


Fiber  Optic  Configurations  for  Local 
Area  Networks 


The  medium  that  provides  high  bandwidth  in  local  area  networks  is  naturally 
fiber  optics.  While  this  technology  lends  itself  easily  to  networks  with  point-to-point 
links,  (e.g.,  rings)  with  broadcast  networks  the  problem  is  more  complex.  Due  to  in¬ 
trinsic  characteristics  of  certain  fiber-optic  components,  in  particular  the  reciprocity 
of  couplers  and  the  low  impedance  of  detectors,  the  use  of  this  technology  in  the  im¬ 
plementation  of  a  shared  muititapped  bus  requires  easeful  design  consideration.  It 
has  been  known  that,  due  to  the  reciprocity  and  excess  loss  of  optical  couplers,  the 
number  of  stations  that  can  be  accommodated  on  a  linear  fiber  optic  bus  is  severely 
limited  [HUDS74,  MILT76,  ALTM77,  AURA77.  VILLSl,  SCHMS3.  LIMB84].  In 
this  chapter,  we  first  examine  the  unidirectional  networks  in  question  (folded  bus 
and  dual  bus  topologies)  and  extract  features  which  prove  useful  in  dvising  fiber 
optics  configurations.  We  then  present  various  fiber  optics  configurations  for  the 
implementation  of  the  unidirectional  broadcast  networks.  In  the  following  section 
we  provide  a  complete  power  budget  analysis  of  fiber  optic  configurations.  This 
leads  to  the  performance  evaluation  of  the  configurations  in  terms  of  the  maximum 
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Fig.  4.1  Star  configuration. 

niimber  of  stations  that  can  be  supported  for  a  given  power  margin. 

4.1  Feature  Abstraction 

In  the  folded  bus  structure  shown  in  Fig.  3.1(a),  we  distinguish  two  basic  func¬ 
tions.  The  first  is  that  of  providing  coimectivity  among  all  stations  for  data  trans¬ 
mission;  that  is,  the  provision  of  data  transmission  paths  among  the  stations'  trans¬ 
mitters  cind  their  receivers  for  broadcast  communications.  The  second  function  is 
that  of  providing  the  required  feature  for  access  control,  this  consists  of  achieving 
a  physical  order  among  the  stations  according  to  which  the  latter  use  the  synchro¬ 
nizing  events. 

In  the  particular  configuration  shown  in  Fig.  3.1(a),  the  data  transmission  and 
access  control  functions  are  combined  into  a  single  linear  bus.  with  appropriately 
placed  sense  taps,  transmit  taps  and  receive  taps.  However,  these  two  functions 
may  be  implemented  in  two  separate  networks  of  possibly  different  topologies:  a 
data  subnetwork  and  a  control  subnetwork.  For  example  as  shown  in  Fig.  4.1,  the 
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first  may  have  a  star  topology  satisfying  the  full  connectivity  requirement,  and  the 
second  may  be  a  linear  bus  achieving  the  hnear  order  reqmrement.  ( The  star  coupler 
shown  in  the  figure  simply  distributes  the  power  from  its  input  arms  into  its  output 
arms.)  In  the  next  section,  we  consider  a  number  of  fiber  optic  configurations  for 
the  control  and  data  subnetworks. 

The  dual-bus  structure  of  Fig.  3.1fb)  can  be  viewed  as  composed  of  two  linear 
control  subnetworks  (as  defined  for  the  folded  bus  structure)  and  thus  can  use 
the  control  configurations  proposed  in  section  2.  Also,  the  data  configurations 
proposed  in  that  section  can  be  employed  independently  for  access  schemes  which 
do  not  require  any  linear  ordering  among  stations.  Examples  of  such  schemes  are 
PODA  [JAC078]  and  HAM  [HANS81],  both  of  which  achieve  a  high  utilization  of 
bandwidth  through  a  reservation  technique. 

It  is  known  that  the  throughput  performance  of  an  attempt-and-defer  scheme 
degrades  as  the  time  that  a  station  takes  to  detect  EOC(out)  on  the  control 
subnetwork  increases  [TOBA83].  Since  the  bandwidth  needed  in  the  control  sub¬ 
network  is  lower  for  larger  values  of  it  is  possible  in  the  folded  bt:is  structure  to 
trade  throughput  for  (lower)  bandwidth  of  the  control  subnetwork,  which  may  then 
be  implemented  using  cheaper  optical  transmitters  and  receivers,  or  a  medium  other 
than  fiber  optics  such  as  twisted  pair  or  coaxial  cable.  ( If  the  control  subnetwork  is 
implemented  in  fiber  optics,  at  every  station,  instead  of  using  separate  transmitters 
for  the  data  and  control  subnetworks,  we  may  use  only  one  transmitter  and  split 
its  output  through  a  coupler  between  the  two  subnetworks.) 

In  all  data  configurations  that  we  consider,  as  is  also  the  case  in  the  original 
structure  of  Fig.  3.1(a),  the  data  transmission  subnetwork  can  be  separated  into 
two  parts:  the  data  collection  subnetwork  and  the  data  distribution  subnetwork. 
This  partitioning  of  the  data  transmission  network  implies  that  there  exists  a  single 
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fanneling  point  separating  the  transmitters  from  the  receivers,  through  which  all 
packet  transmissions  flow,  and  such  that  the  collection  subnetwork  connects  all 
transmitters  to  this  point,  and  the  distribution  subnetwork  connects  this  point  to 
all  receivers.  For  example,  for  the  linear  bus  structure,  the  funneling  point  is  the 
bus  segment  connecting  the  outbound  channel  to  the  inboimd  channel,  and  in  the 
star  configuration,  the  star  coupler  constitutes  the  funneling  point. 

Regardless  of  the  particular  network  structure  implementing  the  folded-bus 
structure,  to  maintain  its  performance  characteristics,  it  is  required  that  all  packets 
in  a  round  flow  through  the  funneling  point  without  overlap  and  with  a  minimum 
gap  separating  them.  While  this  requirement  is  naturally  achieved  in  the  structure 
shown  in  Fig.  3.1(a),  for  a  structure  which  separates  the  data  transmission  network 
from  the  control  network,  it  implies  the  following:  for  any  pair  of  stations  S,.  Sj. 
j  >  i.  the  propagation  delay  from  S,  to  the  funneling  point  on  the  data  collection 
subnetwork  must  be  equal  to  the  sum  of  the  propagation  delay  from  S,  to  Sj  on 
the  control  network  and  the  propagation  delay  from  Sj  to  the  funneling  point  on 
the  data  collection  subnetwork.  If  the  data  and  control  subnetworks  are  both  im¬ 
plemented  using  fiber  optics,  this  requirement  translates  into  a  set  of  equalities  in 
terms  of  fiber  lengths,  and  can  etisily  be  satisfied  by  having  the  control  and  data 
collection  fibers  in  the  same  cable. 

In  the  ctise  of  Expressnet,  there  is  an  additional  constraint:  in  order  to  imple¬ 
ment  the  start  of  roimd  procedure  based  on  EOT(in)  as  was  described  in  chapter 
3.  section  3.1.  the  delay  through  the  data  transmission  subnetwork  from  a  station 
back  to  itself  must  be  the  same  for  ail  stations.  This  requirement  is  clearly  satisfied 
by  the  star  configtiration  shown  in  Fig.  4.1. 
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(c)  Bypassed  (and  Stretched)  Control  (BC) 

Fig.  4.2  Configurations  for  the  control  subnetwork. 

4.2  Fiber  Optic  Configurations 

4.2.1  Configurations  for  the  Control  Subnetwork 

A  direct  implementation  of  the  control  bus  (cis  shown  in  the  star  configuration 
of  Fig.  4.1),  is  depicted  in  Fig.  4.2(a)  and  is  referred  to  as  the  basic  i.ontrol  (C) 
configuration.  Due  to  excess  loss  and  reciprocity  of  couplers,  the  maximxim  m.  Tiber 
of  stations  that  can  be  supported  by  this  configuration  is  quite  limited.  Here,  we 
propose  two  techniques  to  overcome  this  limitation  and  also  discuss  the  use  of  non- 
reciprocal  couplers. 

4.2.1. 1  Stretched  Configuration 

The  number  of  couplers  needed  to  implement  the  control  subnetwork  may  be 
decreased  by  a  factor  of  two  from  that  of  the  basic  control  configuration  by  consid¬ 
ering  the  configuration  shown  in  Fig.  4.2(b).  In  this  configuration  a  single  coupler  is 
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used  per  station  f  for  its  transmitter  ),  with  the  output  of  its  otherwised  unused  port 
connected  via  an  additional  stretch  of  fiber  to  the  sensor  of  the  next  downstream 
station.  (The  sensor  of  a  station  must  be  able  to  sense  the  activity  due  to  only 
the  upstream  users.)  This  configuration  is  referred  to  as  the  stretched  control  (SC) 
configuration.  In  a  typical  local  area  network,  the  cost  of  the  additional  fibers  is 
outweighed  by  the  saving  in  the  number  of  couplers. 


4. 2. 1.2  Bypassed  Configuration 

The  number  of  couplers  between  transmitters  and  receivers  may  be  reduced  by 
providing  bypass  paths  as  shown  in  Fig.  4.2(c).  This  control  configuiation  is  referred 
to  as  the  bypassed  (and  stretched)  control  (BC)  configuration.  Assume  that  there 
is  an  equal  number  of  couplers,  n.  on  each  bypassed  segment.  Then  the  number  of 
couplers  between  Ti  and  il'v  over  the  signal  path  with  the  least  number  of  couplers 
is  2n4-^^— 1,  which  is  minimized  at  n  =  Therefore,  the  number  of  couplers 

between  any  transmitter-receiver  pair  is  less  tnan  or  equal  to  2yJ2iN  —  1)  —  1.  eis 
compared  to  iV  —  1  in  the  SC  configxiration.  (The  couplers  on  the  bypa'!s  btos  may 
themselves  be  bypassed  so  as  the  bc’ond  on  the  number  of  couplers  between  any 
transmitter-receiver  pair  be  of  the  order  of  v^,  and  so  on.)  bypassing  improves 
the  performance  of  the  configuration,  for  sufficiently  large  values  of  N . 

In  the  bypassed  control  configuration,  the  variation  in  propagation  delay  over 
all  signal  paths  between  every  transmitter  and  receiver  pair  must  be  much  less  than 
a  bit  period.  Otherwise,  the  resulting  ambiguity  in  the  bit  timing  may  significantly 
increase  the  bit-error  rate.  We  note  however  that,  even  at  high  data  rates,  the 
propagation  delays  can  be  sufficiently  equalized  by  simply  having  the  bypass  and 
mam  fibers  in  the  same  cable.  (Indeed  we  observe  that,  when  the  data  rate  is  200 
Mbps  for  example,  one  bit  period  corresponds  to  the  propagation  delay  over  1  meter 
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Fig.  4.3  Optical  coupler. 


of  fiber.)  Furthermore,  we  cannot  have  both  bypass  and  main  fibers  be  singlemode 
when  laser  sources  are  used.  Otherwise,  the  temporal  coherence  between  the  signals 
received  over  separate  optical  paths  can  result  in  fading  at  the  receivers. 

4. 2. 1.3  Non-reciprocal  Couplers 

Besides  excess  loss,  the  factor  which  limits  the  number  of  stations  on  a  linear  bus 
is  the  reciprocity  of  the  couplers.  Reciprocity  demtinds  that  the  fraction  of  power 
removed  from  a  fiber  be  equal  to  the  fraction  of  power  injected  into  that  fiber. 
This  is  clearly  not  desirable,  since  more  stations  can  be  supported  if  e^^ry  station 
injects  most  of  its  power  into  the  bus  even  if  it  needs  to  remove  a  small  fraction  of 
the  power  from  the  bus.  With  the  notation  defined  in  Fig.  4.3,  the  input-output 
relationship  of  a  reciprocal  (or  symmetric)  coupler  is  given  by 
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'  a{  1  —  x) 
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ax 

a(  1  —  X ) _ 

where  a  denotes  the  transmittance  due  to  an  excess  loss  of  Ec  dB:  i.e.  a  = 

Recently  a  number  of  non-reciprocal  ( or  asymmetric )  couplers  have  been  de¬ 
signed  and  implemented.  In  one  such  implementation,  the  light  is  strongly  coupled 


from  a  singlemode  fiber  to  only  a  few  individual  modes  of  a  multimode  fiber.  How¬ 
ever.  only  the  small  fraction  of  the  power  propagating  in  these  individual  modes 
is  coupled  out  of  the  multimode  fiber  [WOODSoj.  In  another  implementation,  an 
asymmetric  biconical  taper  coupler  is  made  by  using  fibers  of  different  core  diame¬ 
ters  or  by  tapering  the  fibers  by  different  amounts  [IIIVES4].  Any  coupling  matrix 
which  cannot  be  put  into  the  form  of  the  matrix  in  (4.1).  corresponds  to  an  asym¬ 
metric  coupler  (as  long  as  the  columns  of  the  matrix  add  up  to  less  than  onei.  For 
the  sake  of  simplicity  we  only  consider  the  asymmetric  couplers  which  have  the 
following  characteristics: 

Pj  1  r  ax  ax  1  r  Pi  ' 

=  (4.2) 

_PjJ  [a(l  — x)  a(l  —  x)J  [p2_ 

The  error  made  in  approximating  the  true  characteristic  of  asymmetric  couplers  by 
(4.2),  can  be  boimded  by  augmenting  the  excess  loss. 

4.2.2  Configurations  for  the  Data  Subnetworks 

Here,  we  study  a  number  of  fiber  optic  configurations  for  the  data  subnetworks. 
Based  on  their  topologies,  the  configurations  considered  here  can  be  grouped  into 
three  classes:  basic,  hybrid,  and  compound.  In  a  basic  configuration  the  same 
topology  is  used  for  both  the  collection  and  distribution  subnetworks.  In  a  hybrid 
configuration,  different  topologies  are  used  for  the  collection  and  distribution  sub¬ 
networks.  In  a  compound  configuration  a  set  of  collection  subnetworks  is  connected, 
via  a  star,  to  a  set  of  distribution  subnetworks. 

4.2.2. 1  Basic  Configurations 

The  first  basic  configuration  we  consider  is  the  linear  ( L  l  configuration,  in 
which  both  the  collection  and  distribution  subnetworks  have  a  linear-bus  ropologv 
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with  the  control  function  provided  by  the  (linear)  collection  subnetwork.  This 
configuration  is  shown  in  Fig.  4.4(a).  Although  not  shown  in  Fig.  4.4(  a),  one  may  use 
the  bypass  technique  proposed  in  the  previous  section  to  implement  the  collection- 
control  subnetwork.  In  the  configurations  considered  in  this  section  only  the  stretch 
feature  is  used;  the  effect  of  the  bypass  feature  on  the  performance  is  well  understood 
from  the  previous  section. 

The  second  basic  configuration  to  implement  a  data  subnetwork  is  the  star  !  S  > 
configuration,  as  shown  in  Fig.  4.4(b).  For  the  sake  of  clarity,  the  fiber  lengths  in 
the  data  configurations  shown  in  this  section  are  not  adjusted  to  achieve  the  same 
delay  from  every  station  back  to  itself,  as  required  by  Expressnet. 

The  third  basic  configuration  we  consider  is  the  tree  (T)  configuration.  Tliis 
configuration  differs  from  the  star  configuration  by  the  fact  that  the  data  subnet¬ 
work  is  based  on  a  mimmum- depth  binary-tree  topology,  as  depicted  in  Fig.  4.4(c). 
(A  linear  topology  can  also  be  viewed  as  a  binary-tree  topology  but  with  the  max¬ 
imum  depth  possible.)  We  require  the  collection  and  distribution  subnetworks  to 
be  configured  for  minimum  depth,  in  order  to  minimize  the  maximum  number  of 
couplers  between  transmitters  and  receivers. 


4. 2. 2. 2  Hybrid  Configurations 

.4mong  the  hybrid  configurations,  we  choose  two  which  combine  some  of  the 
features  of  the  linear-bus,  star,  and  tree  configurations.  In  both  of  these  configura¬ 
tions,  the  collection  subnetwork  has  a  hnear-bus  topology  which  also  provides  the 
control  function.  This  choice  is  made  to  avoid  the  need  for  a  separate  control  sub¬ 
network.  The  distribution  subnetwork  of  i,ne  first  configuration  is  bzised  on  a  star 
topology,  as  depicted  in  Fig.  4.5(a).  (Note  that  only  one  of  the  star  coupler's  inputs 
is  used.)  This  configuration  is  referred  to  as  the  Linear-Star  (LS)  configuration. 
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Fig.  4.5  Hybrid  configtirations  for  the  data  subnetwork. 

The  distribution  subnetwork  of  the  second  configuration  is  bzised  on  a  tree  topol¬ 
ogy,  as  shown  in  Fig.  4.5(b).  This  configuration  is  referred  to  as  the  Linear-Tree 
(LT)  configtiration. 

4. 2. 2.3  Compound  Configurations 

•A.mong  the  many  compound  configurations  one  may  conceive,  we  consider  two 
in  which  the  set  of  collection  subnetworks  and  the  set  of  distribution  subnetworks  all 
have  the  same  topology.  The  first  compound  configuration  is  the  linear-star-linear 
(LSL)  in  which  the  subnetworks  have  a  linear-bus  topology’  (see  Fig.  4.6(a)).  The 
second  compound  configuration  is  the  tree-star-tree  (  TST)  in  which  the  subnetworks 
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have  a  minimum-depth  binary-tree  topology  (see  Fig.  4.6(b)).  Both  compound 
configurations  require  the  provision  of  a  linear  control  subnetwork. 

The  basic  configurations  which  are  described  above  are  special  instances  of  the 
two  compoimd  configurations.  More  specifically,  when  S  =  N  both  compound 
configurations  are  the  same  as  the  star  configuration.  The  LSL  configuration  with 
5  =  1  is  nearly  the  same  as  the  linear  configuration.  (The  only  difference  is  that  the 
collection  bus  of  the  linear  configuration  also  provides  the  control  function,  while 
the  LSL  configuration  with  S  =  1  does  not  provide  the  control  function.  The  two 
configurations,  however,  can  support  almost  exactly  the  same  number  of  stations. 
See  Appendix  A  for  dettiils.)  The  TST  configuration  with  S  =  1  is  the  same  as  the 
tree  configuration.  We  refer  to  S  as  the  funneling  width. 

4.3  Power  Budget  Analysis 

In  this  section,  we  provide  a  unified  approach  to  the  power  budget  analysis  ap¬ 
plicable  to  the  various  configurations  considered  in  section  4.2.  Using  this  approach, 
we  can  determine  whether  or  not  a  configuration  can  support  a  given  number  of 
stations.  In  section  4.4,  based  on  this  approach,  the  maximum  munber  of  stations 
that  each  configuration  can  support  is  numerically  computed.  However,  at  the  end 
of  this  section,  we  present  a  theoretical  boimd  on  the  (maximum)  number  of  stations 
in  data  subnetworks. 

4.3.1  Formulation  of  the  Problem 

Let  S  denote  the  set  of  all  transmitter  and  receiver  pairs  that  need  to  commu¬ 
nicate.  Let  \I  denote  the  number  of  couplers  in  the  network.  For  i  =  1.  2.  ...M.  let 
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C,  denote  the  zth  coupler  and  x,  its  coupling  fraction.  Let  x  =  {xi.  xt-  ■■■x _\f)  and 
=  {x  :  Xaun  <  <  ^raax;  1  =  1,2,  ....V}.  For  a  point  A  and  a  point  B  downstream 

of  A.  let  G{A,B\  x)  denote  the  transmittance  from  A  to  B  as  a  function  of  x.  Note 
that  G{A,B\  x)  is  simply  the  product  of  the  transmittances  of  components  through 
which  the  path  from  A  to  B  passes. 

For  every  transmitter  T  in  the  network,  let  V{T)  denote  its  output  power  in 
watts.  For  every  receiver  (or  sensor)  R  in  the  network,  let  V{  R)  denote  its  sensitivity 
in  watts.  To  have  full  connectivity  in  the  network,  for  some  x  6  A.  we  must  have 

P(T)G(T,R;x)>P(R)  V(T,R)eS  (4.3) 

Let  Vt  be  the  maximum  ViT)  among  all  transmitters.  Let  Pr  be  the  minimum 
P{R)  among  all  receivers.  To  simplify  the  analysis  without  loss  of  generality,  we 
construct  a  virtual  network  as  follows:  we  divide  the  transmittance  of  the  fiber 
connecting  a  transmitter  T  to  the  network  by  a  factor  75^,  and  that  of  the  fiber 
connecting  a  receiver  R  to  the  network  by  a  factor  Now  in  terms  of  the 

transmit  tainces  in  the  virtual  network,  let 

G(5;x)=  min  G{T,R;x)  (4.4) 

(T,R)&S 

Then  full  connectivity  is  possible  if 

max£(5;x)>^  (4.5) 

x6,v  Vr 


4.3.2  Optimization  of  Couplers 

Here,  we  present  a  technique  for  optimization  of  couplers  which  is  applicable  to 
any  network  configuration  that  satisfies  the  following  two  conditions; 
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Cl;  The  configiiration  must  contain  optical  paths  only  between  those  trans¬ 
mitter  and  receiver  pairs  which  need  communicate,  namely  the  pairs  in 
the  set  5.* 

C2:  The  subnetworks  connected  to  the  ports  of  a  coupler  should  be  non¬ 
overlapping;  this  implies  that  the  configuration  is  loop  free.^ 

All  configurations  presented  in  the  previous  section  above  satisfy  both  conditions. 

Our  objective  is  to  find  x  which  mtiximizes  QiS\x).  Consider  some  coupler  C,. 
1  <  2  <  .V/,  and  fix  the  coupling  fraction  of  every  coupler  Cj,  other  than  C,,  to  some 
value,  say  xj.  Next,  consider  the  maximization  of  QiS\x)  over  x;.  (This  implies 
that  we  are  performing  a  local  optimization  of  ^(5;x)  over  ij.)  Clearly.  Xi  affects 
the  transmittance  from  a  transmitter  T  to  a  receiver  R.  only  if  the  path  from  T 
to  R  goes  through  the  coupler  C,.  Let  <S,  denote  the  set  of  such  (T.  R)  pairs.  As 
a  consequence  of  condition  Cl.  a  sufficient  but  not  necessary  condition  for  x,  to 
maximize  Q,{S;x)  is  that  it  maximizes  05i;x). 

Based  on  condition  C2,  the  coupler  Ci  peirtitions  the  configuration  into  four 
subnetworks,  as  depicted  in  Fig.  4.7.  Let  ,\/*“  denote  the  subnetwork  connected  to 
port  Cf.  If  there  is  a  (T,  R)  pair  in  S  such  that  the  path  from  T  to  R  goes  through 
C“,  let  G^{S;  x)  denote  the  minimum  of  G{T,  Cf;  x)  over  all  such  pairs.  Otherwise, 
let  Gf{S;x)  be  infinity.  Note  that  GiiS;x)  is  not  a  function  of  x,.  (To  simplify 
some  of  the  following  expressions,  we  may  use  for  G,{S;  x).)  Similar  entities  are 
defined  for  the  other  ports  of  C,,  as  specified  in  Fig.  4.7.  Based  on  these  definitions, 
and  the  coupler  transmittance  relations  given  by  (4.1).  we  get 


£(5.;x)  =  amin{G“G'(l-x.).  GfGfx,,  G^G^x,,  (7fcf(l-x.)} 


(4.6) 


'For  an  e.xample  given  below,  this  conditi,„n  is  somewhat  relaxed. 

tAs  demonstrated  by  example  2  below,  the  milder  condition  of  just  being  loop  free  is  not  sufficient 
for  the  optimality  of  the  conditions  derived  hereafter. 
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Fig.  4.7  The  partitioning  of  a  configuration  by  a  coupler  C,  and  the  corresponding 
notation. 


A  plot  of  G(5,-;  x)  as  a  function  of  Xi  is  given  in  Fig.  4.8.  Let 

=  naax(niin(z,Xmax).-rmin)-  (4.7) 

Li  Fig.  4.8,  we  observe  that  Q.(Si;  x)  is  maximized  at 

_ min{G"G^GtGf} _ 

min{G“Gy,  G^Gf}  +  min{G“Gf, 

Up  to  now.  we  have  been  assuming  that  all  the  coupling  fractions  other  than  x, 
are  fixed.  Now,  we  select  all  the  coupling  fractions  in  such  a  way  that  for  every 
i  =  the  local  optimality  condition  given  by  (4.8)  is  satisfied. 


■Cmax 

(4.S) 


_ tmn{G?Gf,(7*Gf} _ 

mia{G?G^  GfGf }  +  iiiin{G?Gf ,  GfGf} 

Coupling  Fraction  xj 


Fig.  4.S  Q.{St\  x)  as  a  function  of  i,-. 

As  proved  in  Appendix  A,  this  set  of  coupling  fractions  also  results  in  the 
maximum  $2(5;  x).’  Now  the  technique  for  maximizing  £{5;  x)  is  clear  to  find  an 
optimum  set  of  coupling  fractions,  we  solve  the  set  of  equations  given  by  (4.S)  for 

i  = 

Claim:  If  x  satisfies  (4.S)  for  every  1  <  i  <  ,V/,  then  it  maximizes  2.(5:  x). 

Proof.  Let  X  be  a  vector  satisfying  (4.S).  The  proof  consists  of  showing  that  if 

'Example  1  below  shows  that  (4.8)  is  not  a  necessary  condition  for  optimality 


there  exists  a  y  in  A"  such  that  £.(5;y)  >  QiS:x),  then  there  must  be  a  infinite 
sequence  of  sets  5".  n  =  0, 1, 2, . . .  such  that  5”  ^  0.  5^  =  <5.  and  C  5”.  But 
since  S  is  finite,  this  is  a  contradiction. 

Let  y'^  =  y.  By  assumption  £(<S^;y°)  >  and  x  satisfies  (4.S).  Now.  we 

show  that  if  there  exists  a  pjdr  («?",y")  such  that 

An:  y")  >  G.(S^; x).  and 

Bn:  X  satisfies  (4.S)  for  every  coupler  Ct  for  which  x,  #  y-*. 
then  there  exists  a  pair  )  satisfying  An+i  and  Bn+i,  such  that 

C„+i:  #  0  and  5^+^  C  5". 

There  must  be  a  (Tn,i2n)  ia  S"  such  that  G{Tn,Rn\  x)  =  QiS^\  x).  From  An- 
we  have  G(Tn,  iin:  y")  >  G{Tn,  Rn',x).  Therefore,  there  mi^st  be  a  coupler  on 
the  path  from  r„  to  such  that  its  transmittance  according  to  y'’  is  strictly 
greater  than  its  transmittance  according  to  x.  Without  loss  of  generality,  assume 
these  transmittances  are  y,"  and  j”,  respectively  (Another  possibility  is  1  —  y,”  and 
1  —  lij ,  respectively);  we  have  y,"  >  i,j. 

Since  yfj  <  ZnM  we  have  lij  <  im**.  Based  on  Bn,  there  exists  a  (Jn+i,  iLi+i ') 
in  such  that  the  transmittance  from  Tn+i  to  iZn-fi  tutcording  to  x  is  I  —  x,^ 
and  G{Tn+i,Rn+i;x)  =  G{Tn,Rni^)  =  QiS^ix)  (See  Fig.  4.8.)  Without  loss  of 
generality,  we  shall  assume  that  Tn+\  is  connected  to  C,"  and  Rn+\  is  connected  to 
Cfj .  (Another  possibility  is  ^n+l  connected  to  C*  and  itn+i  connected  to  Cf.) 

Let  5""^'  be  the  set  of  all  (T,  i?)  in  «S",  such  that  T  is  in  either  .V®  or 
subnetwork  and  iZ  is  in  either  jV*  or  subnetwork.  Since  (Tn+i.iJn+i)  € 
and  (rn+i,iJ„+i)  ^  5",  C«+i  follows. 

Let  y""^^  be  such  that  y""^^  =  yj*  if  Ci  is  in  or  and  =  i,  otherwise. 
Since  1  —  y®'*'^  >  1  —  y," ,  ^2(5”;  y"''’^  >  Therefore  follows. 
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Fig.  4.9  A  configuration  in  which  local  optimality  of  the  couplers  is  not  necessan' 
for  global  optimality. 

Note  tnat.  for  every  coupler  C  in  .Vj*  or  xi  =  G'f"S'':x  .  for 

u;  =  a,  6,  c,  d.  Therefore  from  Bn,  Bn+i  follows.  Q.E.D 

Example  I.  This  example  shows  that  (4.S)  is  not  a  necessary  condition  for  optimal¬ 
ity;  consider  the  configuration  shown  in  Fig.  4.9.  We  assume  that  ail  components  are 
ideal  Then  x  =  (I,  y.  j,  y,  y)  satisfies  (4.8)  and  ^(5:  x)  =  y.  However.  QiS-.y)  =  y 
for  any  y  =  (^,  ^,  k,  ys)  where  y  <  ys  <  j 

Example  2.  This  example  shows  that  (4.8)  is  not  a  sufficient  condition  for  opti¬ 
mality  in  a  configuration  which  is  loop  free  but  does  not  satisfy  Cl;  consider  the 
configuration  shown  in  Fig,  4.10.  We  assume  that  ail  components  are  ideal.  (4.S  ' 
is  satisfied  for  any  x  =  (x,x,  i,  i)  where  0  <  r  <  1.  However,  QiS\x)  is  only 
maximized  at  x  =  ( y,  y.  y,  y). 

For  a  general  configuration,  the  set  of  equations  given  by  (4.S’/.  for  i  =  1,  2.  ...M . 
is  solved  iteratively.  However,  in  the  case  of  a  collection  or  distribution  subnetworit 
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Fig.  4.11  A  collection  subnetwork  bas»^  on  a  (general)  binary  tree  topology*. 

based  on  a  binary  tree  topology,  of  which  the  linear-bus  cind  the  minimum-depth 
binary  tree  are  special  cases,  we  show  that  the  solution  can  be  obtained  rectirsively. 
Consider  a  collection  subnetwork  based  on  the  binary  tree  topology  as  depicted  in 
Fig.  4.11.  (.Although,  only  the  case  of  a  collection  subnetwork  is  discusacd.  similar 
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statements  hold  for  the  case  of  a  tree  distribution  subnetwork.  '  From  the  above 
definitions,  for  every  coupler  C,  in  this  configuration.  Gf  is  infinity.  Therefore.  ■  4.5  ■ 
reduces  to 


X.  = 


G? 
Lg;  +  g‘ 


i  = 


(4.9) 


Using  (4.9).  one  can  optimize  the  couplers  in  such  an  order  that,  for  ever}’  i  = 
1.2,... A/,  when  Ci  is  optimized,  both  G“(5;x)  and  Gf(5:x)  can  be  computed  in 
terms  of  the  coupling  fractions  which  are  already  optimized.  First,  one  optimizes 
a  coupler  which  has  each  of  its  input  ports  connected  to  a  transmitter:  in  each 
subsequent  step,  one  optimizes  a  coupler  which  has  each  of  its  input  ports  connected 
to  either  a  transmitter  or  to  an  already  optimized  coupler.  It  is  interesting  to 
note  that,  when  Xmin  =  0  and  imax  =  !•  the  optimization  results  in  the  same 
transmittance  from  every  transmitter  to  the  funneiing  point.  Furthermore,  if  all 
the  other  components  are  ideal  -  i.e.,  the  excess-loss  of  couplers,  the  insertion 
loss  of  connectors  and  splices,  and  the  fiber  attenuation  are  ail  zero  -  then  this 
transmittance  is  exactly  equal  to  where  n  is  the  ntimber  of  trtinsmitters  connected 
to  the  collection  subnetwork.  We  show  this  by  induction:  clearly  the  assertion  is 
true  for  n  =  1.  For  n  >  2,  assume  it  is  true  for  any  n'  less  than  n.  In  Fig.  4.11. 
let  ni  and  nr.  {ni  +  Ur  =  n)  denote  the  number  of  stations  in  the  left  and  right 
subtrees,  respectively.  Let  x  be  the  coupling  fraction  of  coupler  C  which  is  at  the 
root  of  the  tree.  By  assumption  G{T„C'’)  =  ^  ior  I  <  i  <  ni  and  G(r,.  C“)  =  — 
for  n/  4-  1  <  t  <  Hr.  From  (4.9)  we  have 
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Fig.  4.13  A  configuration  which  does  not  satisfy  condition  Cl. 


and 


G(r„  C")  =  xG(r„  C*)  =  -  1  <  i  <  n, 

n 

G{Tu  C“)  =  (1  -  i)G(2;,  C“)  =  i  n,  +  1  <  z  <  n 

n 


(4.11) 


In  a  linear  collection  subnetwork  with  ideal  components  where  the  couplers  are 
indexed  as  in  Fig.  4.12,  the  optimum  coupling  fractions  aie  given  by 


2<i<N 


(4.12) 


Finally,  we  consider  the  configuration  shown  in  Fig.  4.13,  which  has  been  exten¬ 
sively  treated  in  the  literature  [ALTM77,  AURA77,  VILLSl].  This  configuration 
does  not  satisfy  condition  Cl:  although  the  transmitter  and  receiver  of  each  station 
need  not  communicate,  there  exists  a  path  between  them.  Fortunately.  (4.S)  can 
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easily  be  modified  for  this  configuration  as  follow's.  From  Fig.  4.7.  it  is  clear  that, 
for  i  =  1.  2.  ....V.  r,  is  the  only  transmitter  in  network  A***  and  R,  is  the  only  receiver 
in  network  A*/.  Hence,  to  disregard  the  path  from  T,  to  R,  in  the  optimization,  we 
simply  drop  the  last  of  the  four  terms  which  appear  between  the  brackets  in  i  4.6  i. 
Then,  the  new  set  of  conditions  for  local  optimality  becomes 

‘  [GfGi  ^min{G“Gf.GfGn 

Based  on  a  proof  similar  to  that  given  in  the  appendix  A.  we  can  show  that  when 
the  coupling  fractions  satisfy  ^4.9).  they  also  maximize  ^(5;x).  It  is  interesting  to 
note  that  for  the  ideal  components,  when  the  couplers  are  indexed  as  in  Fig.  4.13. 
the  optimun.  coupling  fractions  axe 

1  1 

r,  =  max( -. -7: - ^ - -1  <4.-4 

i  -v  —  i  -r  1 

The  optimum  coupling  fraction  is  equal  to  1  for  the  end  stations  and  decreases 
as  we  move  toward  the  middle  of  the  bus.  For  non-ideal  components,  the  opti¬ 
mum  coupling  fractions  exhibit  the  same  behavior  [ALTM77.  AURA77i.  (See  also 
-Appendix  A.) 

4.3.3  A  Bound  on  Number  of  Stations 

Here,  we  derive  a  theoretical  bound  on  the  (maximum)  number  of  stations  in  a 
data  subnetwork.  To  derive  this  botind  we  assume  the  best  possible  situation,  i.e. 
ideal  components  tmd  individually  optimized  couplers.  Furthermore,  we  assume 
that  all  transmitters  have  the  same  output  power  2md  adl  receivers  have  the 
same  sensitivity  Vr,  in  Watts.  Consider  a  compound  data  subnetwork  as  shown 
in  Fig.  4.14  in  which  the  collection  and  distribution  subnetworks  are  beised  on  a 


I  =  1.2.....V 


(4.13'^ 
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Fig.  4.14  A  general  compound  data  subnetwork. 

(general)  binary-tree  topology.  To  keep  the  bound  simple,  we  assume  that  the 
nixmber  of  stations  N  is  a  multiple  of  S;  i.e.,  N  =  nS.  Note  that  the  LSL  and  TST 
data  subnetworks  -  and  hence  the  L,  T,  and  S  data  subnetworks  -  are  special  ctises 
of  this  data  subnetwork. 

From  (4.11),  we  know  that  the  transmittance  from  every  transmitter  to  the  star 
input  to  which  the  transmitter  is  connected,  is  Similarly,  the  transmittance  from 
every  sttur  output  to  every  r  ceivcr  to  which  the  output  is  coimected.  is  Fur¬ 
thermore,  the  transmittance  across  an  ideal  star  is  y.  Therefore,  the  transmittance 
from  every  transmitter  to  every  receiver  is  or  In  order  to  have  fvdl  con¬ 
nectivity  in  the  data  subnetwork  the  product  of  this  transmittance  and  the  power 
margin  M  =  ^  must  be  greater  thsm  one,  or  equivalently, 

N<VSM  (4.15) 

The  equality  can  only  be  achieved  when  the  components  are  ideal  and  the  couplers 
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are  individuaiiy  optimized  (and  \'SM  is  an  integer.)  In  L  and  T  subnet^vorks.  5  is 
equal  to  1.  Therefore, 

x<\/m  '4.:g 

It  is  easy  to  show  that  (4.16)  also  holds  for  LT  and  LS  data  subnetworks.  In  the 
S  subnetwork,  the  funneling  width  S  is  equal  to  N.  Therefore 

X<M  ■4.:7 


Based  on  (4.15).  for  ideal  components  and  individually  optimized  couplers,  the 
maximum  number  of  stations  A'lnax  as  function  of  S  is  plotted  in  Fig.  4.15.  The 
left-most  and  the  right-most  points  on  every  constant-power-margin  line-segment 
correspond  to  the  L  and  S  data  subnetworks,  respectively.  Clearly,  as  5  increases 
more  stations  can  be  supported.  However,  this  is  achieved  at  the  cost  of  longer  fiber. 
Therefore  it  is  desirable  to  know  how  one  can  trade-off  fiber  length  with  maocimum 
number  of  stations. 


We  eissume  that  the  stations  are  equtdly  speiced  along  a  straight  line.  Further¬ 
more.  we  normalize  the  total  fiber  length  to  twice  the  distance  between  the  first 
and  the  last  station.  Hence,  the  normalized  fiber  length  for  the  star  configuration 
is  exactly  X .  The  normalized  fiber  length  in  the  LSL  configtiration  is  given  by 


{S  +  1)N-2S  S 
2[N-l)  ^2 


(4.1S) 


In  the  case  of  the  TST  configuration,  assuming  that  N  is  a  power  of  2,  the 
normalized  fiber  length  is  given  by 


.v[5-l  +  lofo^]  s 

2(-V-l)  "^2 


(4.19) 


S5 


1000 

100 

:  36^ 

Funneling  Width  S 

Fig.  4.15  The  maximum  number  of  stations  as  a  function  of  the  funneling  width 
in  a  general  data  subnetwork.  It  is  assumed  that  the  components  are 
ideal  and  the  couplers  are  individually  optimized. 


The  trade-off  between  maximum  number  of  stations  and  fiber  length  is  sho'TO 
in  Fig.  4.16.  The  solid  and  dashed  lines  correspond  to  the  TST  and  LSL  data 
subnetworks,  respectively. 

4.3.4  Coupler  Optimization  in  linear  subnetworks 

In  this  section,  we  show  how  the  coupling  coefficients  in  the  linear  subnetworks 
are  optimized.  Here,  these  subnetworks  are  divided  into  three  groups:  linear  collec¬ 
tion  and  distribution  data  subnetworks,  stretched  control  and  collection-and-control 
subnetworks,  and  bypassed  control  subnetwork.  The  normalized  fiber  lengths  in  the 
compound  configurations  are  also  given. 


.4.  OptimuTn  Couplers  in  Linear  Collection  and  Distribution  Data  Subnetworks: 
First,  consider  the  distribution  subnetwork  of  the  linear  configuration  shown  in 
Fig.  4.4(a).  Let  i,-  denote  the  coupling  coefficient  of  the  ith  receive  coupler.  For 
1  <  z  <  .V  —  1,  define  Ff,  as  the  minimum  transmittance  from  the  bus  output  of  the 
zth  coupler  to  all  downstream  receivers.  Define  Hy  to  be  infinity.  For  symmetric 
couplers  we  have 


H,-i  =  a  min{(l  —  x,)H„  2  <  z  <  N 

Hx-\  is  maximized  at 


(4.20) 


X,  = 


Hx 


1  <  i  <  iV 


(4.211 


’  I  ■¥  Hi 

Hence,  the  optimum  coefficients  can  be  recursively  computed  using  (4.20)  and 
(4.21).  For  asymmetric  couplers  we  have 


Hx-i  =  amin{x,if,,  1  —  x,}  2  <  z  <  N 


(4.22) 
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Fig.  4.16  The  trade-ofF  between  the  maximum  number  of  stations  and  fiber  length 
in  TST  (solid  lines)  and  LSL  (dashed  lines)  data  subnetworks.  It  is 
3issumed  that  the  components  are  ideal  aind  the  couplers  are  individually 
optimized. 


In  the  case  of  collection  subnetworks  (e.g.  those  in  LSI  as  shown  in  Fig.  4.6(a) ' 
and  symmetric  couplers,  the  coefficients  au'e  optimized  as  in  the  distribution  sub¬ 
network.  For  asymmetric  couplers,  the  optimum  coefficients  are  equal  to  unity. 


B.  Optimum  Couplers  in  Stretched  Control  and  Collection- and- Control  Subnez- 
■works:  Consider  the  control  subnetwork  of  Fig.  4.2(b)  and  the  collection-and-controi 
subnetwork  of  Fig.  4.4(a).  Let  H,  denote  the  minimum  treinsmittance  from  the  bus 
output  of  the  zth  transmit  coupler  to  all  downstream  receivers.  Similarly,  let  F,  de¬ 
note  the  minimum  transmittance  from  all  upstream  transmitters  to  the  bus  input 
of  the  ith  transmit  coupler.  Hy  in  the  collection-and-control  subnetwork  is  ecu?,! 
to  the  minimum  transmittance  from  the  funneling  point  to  receivers,  and  in  the 
control  subnetwork,  it  is  equal  to  infinity.  Fj  in  both  cases  is  equal  to  infinity.  For 
symmetric  couplers  Ht  is  given  by  (4.20')  and  F,  is  given  by 


F,+i  =  a  min{(l  —  it)F,,Xi}  1  <  z  <  .V  -  1  I  ' 

Let  xi  denote  the  coefficient  of  the  ith  transmit  coupler.  Based  on  (4.S).  for  sym¬ 
metric  couplers,  the  optimum  coefficient  are  given  by 


min{l,F,if,} 

min{l.  FtH,}  -)-  min{F,,if,} 


1  <  i  <  .V 


(4.25) 


For  asymmetric  couplers,  xy  is  equal  to  1.  tmd  the  other  coefficients  are  given  by 
(4.22)  and  (4.23). 


C.  Optimum  Couplers  in  Bypassed  Control  Subnetwork  Consider  the  bypeissed 
control  subnetwork  shown  in  Fig.  4.2(c).  The  required  power  margin  is  minimized 


by  optimizing  the  couplers  on  both  the  main  and  bj'pass  fibers.  But  due  to  the 
presence  of  mtiltiple  signal  paths  between  most  transmitter-receiver  pairs,  joint 
optimization  of  main-fiber  and  bypass-fiber  coupling  coefficients  is  computationally 
complex.  Instead  we  compute  a  set  of  suboptimum  coefficients  as  follows. 

For  zmy  coupler  i  on  the  main  fiber,  we  let  F,  and  if,  be  defined  as  in  part  B 
above.  Consider  first  symmetric  couplers.  We  optimize  the  coupling  coefficients 
on  a  segment  j  of  the  main  fiber  in  isolation  using  (4.20).  (4.24).  and  >  4.25  '.  in 
terms  of  boundary'  values  and  ffj.n-  To  avoid  the  computational  com¬ 

plexity  involved  in  a  global  optimization  of  the  entire  network,  we  make  the  ap¬ 
proximation  that  be  equal  to  if^.n,  for  all  j.  Furthermore,  we  numerically 

optimize  Hj_n  in  order  to  maximize  the  minimum  transmittance  from  .4^  to  the 
segment's  receivers  and  from  the  segment’s  transmitters  to  Bj  (see  Fig.  4.2(C'  . 
For  asymmetric  couplers,  since  the  transmittance  from  .4^  to  is  equal  to 

O'"!!  -  Xj.n)  I.  and  from  to  F;  is  equal  to  a"  x.- 

asstiming  again  F(j_i)„+1  =  Hj,n,  the  optimum  Tj.n  is  j.  Equations  (4.22)  and 
(4.23)  axe  used  to  compute  x,,  for  {j  —  l)n  4-  1  <  i  <  ;n  —  1. 

When  the  main-fiber  coupling  coefficients  are  optimized  as  above  for  even.-  seg¬ 
ment  J,  the  minimum  transmittance  from  Aj  to  the  segment’s  receivers  is  equal 
to  that  from  the  segment’s  transmitters  to  Bj.  Furthermore  since  the  stations  are 
aissumed  to  be  evenly  divided  among  the  segments,  this  minimum  transmittance  is 
the  same  for  all  segments.  Therefore,  the  bypass  coefficients  can  be  optimized  ais  in 
the  stretched  control  configurations  of  Fig.  4.2(b),  where  Tj  is  replaced  by  Bj  and 
R'j  is  replaced  by  Aj. 


4.4  Performance 
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4.4.1  Configurations  for  Control  Subnetwork 


In  deriving  the  performance  results,  we  assume  that  the  factor  limiting  the 
mcLximum  number  of  stations  is  the  power  margin  and  not  the  dynamic  range,  since 
dynamic  ranges  ais  large  as  60  dB  may  be  obtained  with  automatic-gain  control 
(.-VGC)  by  incurring  a  small  penalty  in  the  power  margin  [MUOIS4].  (Of  course, 
a  sufficiently  long  packet  preamble  for  .4,GC  and  bit  timing  recoveiy  is  always  re¬ 
quired.  )  We  ignore  the  signal  attenuation  due  to  cable  loss:  in  the  local  environment. 
distEinces  will  usually  be  less  than  1  kilometer  between  active  repeaters  and  thus 
the  fiber  attenuation  will  be  less  than  a  few  dB.  For  simplicity,  the  splice  and,  or 
connector  insertion  losses  associated  with  the  couplers  are  included  in  their  excess 
loss.' 

The  coupling  coefficients  are  individually  optimized,  as  outlined  in  section  4.3  4. 
Discretizing  the  coupling  coefficients  to  a  finite  set  of  values  reduces  the  maximum 
number  of  stations  for  a  given  power  margin.  For  example  in  the  basic  control 
configtiration.  when  the  coupling  coefficients  axe  quantized  to  multiples  of  -4dB.  the 
maximum  number  of  stations  is  decreased  by  about  20%  [LIMBS41. 

Figure  4.17  depicts  the  maximum  number  of  stations  as  a  function  of  the  power 
margin  P.\/  in  the  control  subnetworks  for  a  coupler  excess  loss  of  1  dB.  .A.s  it  can  be 
seen,  the  stretch  feature  nearly  doubles  the  number  of  stations  that  can  be  supponed 
for  a  given  power  margin.  .4.s  mentioned  above,  for  sufficiently  large  N .  the  byp2iss 
feature  further  reduces  the  required  power  margin.  The  use  of  asymmetric  couplers 
results  in  an  improvement  in  the  performance  of  all  the  configurations  and  it  is  most 
significant  in  the  case  of  the  bypassed  control. 

*A  more  precise  formulation  of  this  problem,  which  takes  into  account  fiber  attenuation  and  splice 
and  connector  insertion  losses,  can  be  found  in  Appendix  .A. 

tWhen  all  couplers  are  required  to  have  the  same  coefficient,  the  maximum  number  of  stations  is 
significantly  smaller  than  that  when  they  are  individually  optimized  (see  .AppendLX  .At 
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network  for  a  coupler  excess  loss  of  IdB. 


Maximum  Number  of  Stations  N 


Fig.  4.18  Maximum  number  of  stations  versus  coupler  excess  loss  in  the  control 
subnetwork  for  a  power  margin  of  40  dB. 
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Figure  4. IS  shows  the  maximum  number  of  stations  as  a  function  of  the  excess 
loss  per  coupler  Eq.  for  a  power  margin  of  40  dB.  Although  the  maximum  number  of 
stations  drops  sharply  as  the  coupler  excess  loss  increases,  the  relative  performance 
of  all  control  configurations  remains  the  same  for  nearly  the  entire  range  of  coupler 
excess  loss. 

4.4.2  Configurations  for  Data  Subnetwork 

The  maximum  ntimber  of  stations  as  a  function  of  the  power  margin  for  the 
basic  and  hybrid  data  configurations  is  shown  in  Fig.  4.19.  The  excess  loss  of  the 
2x2  couplers.  Ec-  is  assvimed  to  be  1  dB.  The  excess  loss  of  an  S  x  S  star  coupler  is 
assumed  to  be  Ec  log2  5,  which  is  a  good  approximation  for  a  family  of  commercially 
a\"ailable  star  couplers  [C.4.NST.A.{.  and  is  exact  when  a  modular  star  based  on  2  x  2 
couplers  [MARHS4]  is  used  (for  S  a  power  of  two).  In  the  linear  subnetworks,  the 
coupling  coefficients  are  individually  optimized  as  outlined  in  4.3.4.  Although  the 
coupling  coefficients  for  the  tree  subnetworks  are  also  individually  optimized,  using 
j  for  all  the  coupling  coefficients  results  in  an  additional  loss  of  only  a  few  dB  ( see 
Appendix  .4).  (In  fact  j  is  optimum  for  all  coupling  coefficients  when  the  number 
of  stations  is  a  power  of  two.) 

As  shown  in  Fig.  4.19,  there  exist  considerable  performance  differences  among 
the  data  configurations  considered.  (Not  shown  in  this  figure  is  a  slight  difference 
between  the  performance  of  the  LS  amd  LT  configurations  when  the  number  of 
stations  is  not  a  power  of  two.  See  Appendix  A.)  These  performance  differences 
are  caused  by  the  variations  in  the  reciprocity  and  excess  losses  incurred  in  the 
configurations. 

First,  we  note  that  it  is  clearly  the  reciprocity  loss  that  accovmts  for  the  per¬ 
formance  disadvantage  of  the  linear  and  hybrid  configurations  based  on  symmetric 
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Fig.  4.19  Maximum  number  of  stations  versus  power  margin  in  the  basic  and  hy¬ 
brid  configurations  for  a  coupler  excess  loss  of  1  dB. 
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couplers,  as  compared  to  the  corresponding  configurations  based  on  asymmetric 
couplers.  Secondly,  we  note  that  a  significant  portion  of  the  disad\'antage  of  the 
tree  configuration  over  the  star  configtiration  is  also  due  to  the  reciprocity  loss*. 
The  reciprocity  loss  of  a  coupler  in  the  tree  collection  subnetwork  is  10  logjo  2  ( ss  3 ) 
dB.  Since  there  are  about  log2  N  couplers  from  every  transmitter  to  the  funneling 
point,  the  total  loss  due  to  reciprocity  is  lOlogjoiV'  (sj  31og2  A”)  dB.  (In  fact,  this 
loss  is  incurred  in  any  binary  tree  collection  subnetwork,  not  necessarily  having 
minimum  depth,  with  individually  optimized  coupling  coefficients.  See  .Appendix 
A.)  In  the  star  configuration,  of  course,  no  reciprocity  loss  is  present. 

The  second  factor  affecting  the  performzmce  of  a  configuration  is  the  excess  loss. 
In  the  star  configuration  the  excess  loss  between  the  transmitters  and  receivers  is 
equal  to  that  of  the  star  coupler,  namely  Ec  logo  N.  In  the  tree  configurations  the 
number  of  couplers  between  every'  transmitter  and  receiver  is  equal  to  the  number 
of  levels  in  the  collection  and  distribution  trees,  or  log2  N.  The  total  excess  loss  is 
therefore  equal  to  2Ec  log2  N,  or  twice  that  of  the  star  configuration.  In  the  linear 
configuration  the  worst-case  excess  loss  is  between  the  transmitter  of  the  first  station 
and  the  receiver  of  the  last  station  and  is  equal  to  2NEc-  (Recall  that  no  bypeiss 
is  used  here;  for  large  N,  bypass  reduces  this  loss.)  The  worst-case  excess  loss  in 
both  linear-star  and  linear-tree  hybrid  configurations  is  eqtial  to  Ec{N  -4-  log2  -V). 

In  the  compotmd  configurations,  as  S  increases  the  loss  due  to  reciprocity  is 
reduced;  hence  more  stations  can  be  supported.  However,  this  is  achieved  at  the 
cost  of  longer  fiber.  Therefore  it  is  desirable  to  know  how  one  can  trade  fiber  length 
for  maximum  number  of  stations.  We  asstime  that  the  stations  are  equally  spaced 
along  a  straight  line  and  normalize  the  total  fiber  length  to  twice  the  distance 

*  Although  not  considered  here,  non-reciprocal  couplers  could  be  used  at  few  levels  of  the  tree 
collection  network;  however,  since  for  each  of  these  couplers  an  output  with  a  larger  core  diameter 
is  used,  the  use  of  non-reciprocal  ports  at  many  levels  of  the  tree  leads  to  impractically  large  core 
diameters  near  the  funneling  point. 
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bet^veen  the  hrst  and  the  last  stations.  Based  on  these  assumptions,  the  normahzed 
fiber  length  for  the  star  configuration  is  exactly  .V  (see  Fig.  4.1  j. 

The  trade-off  between  the  maximum  number  of  stations  and  the  normalized 
fiber  length,  for  an  excess  loss  of  1  dB  per  coupler  and  a  power  margin  of  40  dB.  is 
shown  in  Fig.  4.20.  The  curves  in  this  figure  are  generated  by  increasing  S.  starting 
from  1.  (See  the  Appendix  for  the  fonnulais  used  for  the  fiber  length.)  As  5  is 
increased  both  the  reciprocity  and  excess  losses  decrease,  so  that  a  larger  number 
of  stations  may  be  supported.  As  it  can  be  observed,  the  relationship  bei'^N'ee*'  the 
number  of  stations  and  the  fiber  length  is  almost  linear. 


4.5  Summary 

A  number  of  fiber  optic  control  and  data  configurations  for  the  attempt-and- 
defer  DAMA  schemes  were  proposed.  A  general  and  unified  approach  to  the  power 
budget  analysis  and  optimization  problem  weis  presented.  B«ised  on  this  approach, 
it  was  shown  that  in  the  control  configurations  the  use  of  stretch  and  bypass  tech¬ 
niques  may  significantly  increzise  the  maximum  number  of  stations.  A  set  of  data 
configurations  based  on  linear,  star,  and  tree  topologies  were  proposed  and  evalu¬ 
ated.  The  performance  improvements  achieved  by  the  use  of  non- reciprocal  couplers 
were  also  shown. 
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Maximum  Number  of  Stations  N 


Fig.  4.20  Trade-off  between  maximum  number  of  stations  and  fiber  length  in  the 
compound  configurations  for  a  coupler  excess  loss  of  1  dB  and  a  power 
margin  of  40  dB. 
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Chapter  5 


Conclusions  and  Future  Research 


5.1  Conclusions 

In  this  work,  we  addressed  the  problem  of  integrated  services  on  local  area  net¬ 
works.  We  indicated  that,  due  to  the  multitude  of  applications  contemplated  in 
local  environments,  the  volume  of  traffic  expected  on  local  atrea  networks  will  un¬ 
doubtedly  require  high  speed  operation  of  such  networks;  accordingly  the  solution 
to  integrated  services  local  area  networks  will  more  nattirally  be  found  in  unidirec¬ 
tional  networks  with  attempt-and-defer  access  mechanism,  such  as  Expressnet  smd 
Fasnet,  as  these  axe  more  efficient  thtm  the  existing  standard  networks.  Further¬ 
more.  it  was  indicated  that  the  implementations  of  the  physical  layer  of  high  speed 
undirection  LAN’s  will  have  to  be  based  on  fiber  optics  technology  due  to  the  high 
bandwidth  characteristic  of  such  a  medium. 

The  contributions  of  this  work  fall  in  two  areas;  (i)  the  incorporation  of  trans¬ 
mission  scheduling  policies  into  the  design  of  unidirectional  local  area  networks  in 
view  of  supporting  applications  with  differing  reqmrements.  and  (iil  The  study  of  a 
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number  of  fiber  optics  topological  configurations  appropriate  for  the  implementation 
of  unidirectional  Local  Area  Networks. 

In  chapter  2,  we  examined  a  number  of  transmission  scheduling  policies  under 
idezd  conditions  (i.e.,  zero  propagation  delay,  eind  complete  knowledge  of  all  informa¬ 
tion  reg^ding  messages  to  be  scheduled).  Under  such  conditions,  the  network  could 
be  viewed  as  a  single-server  queueing  system.  A  delay-cost  function  was  tissigned  to 
each  message,  and  the  problem  consisted  of  determining  a  scheduling  policy  which 
minimizes  the  expected  cost  per  message.  As  the  optimization  problem  in  general  is 
quite  complex,  we  considered  six  policies  and  compared  their  performance.  While 
the  first  four  (first-come-first  served  (FCFS),  round-robin  (RR),  highest-penalty- 
first-served  (HPFS),  and  lowest-slack-first-served  (LSFS))  had  already  existed  in 
the  literature  on  scheduling  policies,  the  other  two  (earliest-slot-first -served  !  ESFS). 
and  dynamic  priority  (DP))  constitute  new  proposals.  Simulation  was  used  to  put 
the  six  policies  to  the  test.  Both  step  and  ramp  delay-cost  functions  were  consid¬ 
ered.  An  arbitrary  and  general  traffic  model  was  used,  in  which  the  delay  allowance 
and  cost  penalty  for  each  message  are  randomly  selected.  All  results  considered  have 
shown  the  dynamic  priority  policy  is  superior  to  all  others  and  thus  is  suboptimal. 

In  chapter  3,  a  network  structure  was  proposed  which  can  accommodate  the 
transmission  scheduling  policies  discussed.  (In  this  chapter,  the  assumptions  lead¬ 
ing  to  ideal  condition  have  been  relaxed.)  We  chose  to  consider  a  distributed  im¬ 
plementation  for  two  reasons:  reliability  and  improved  performance.  We  proposed 
(i)  a  broadcast  mechanism  for  dissemination  of  all  relevant  information  about  out¬ 
standing  messages  as  required  by  the  the  scheduling  policies,  and  (ii)  a  station 
architectrrre  which  allows  the  implementations  of  any  of  the  scheduling  policies  de¬ 
scribed  in  chapter  2. 

The  broadcast  scheme  was  based  on  the  attempt-and-defer  mechanism  over  a 
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folded  bus  structure,  such  as  e>q>ressnet.  This  provided  necessary  features  to  guar¬ 
antee  consistency  in  the  resulting  decision  made  by  stations  regarding  the  message 
to  be  transmitted  at  a  given  time. 

In  chapter  4,  we  investigated  fiber  optics  topological  configurations  for  unidirec¬ 
tional  integrated-services  local  area  networks.  We  first  extracted  the  special  features 
of  doubly  folded  structure  which  proved  particularly  useful  in  devising  fiber  optic 
configurations.  We  identified  two  separable  functions:  (i'l  the  linear  ordering  among 
the  stations  which  is  essential  for  an  attempt  and  defer  access  mechanism,  and  ( ii  i 
data  transmission.  We  have  pointed  out  that  these  two  functions  may  be  provided 
by  separate  control  and  data  subnetworks,  as  this  cotild  lead  to  a  higher  number 
of  stations  that  can  be  accommodated  in  the  network.  We  have  also  identified  the 
separability  of  collection  subnetwork  and  the  distribution  subnetwork  in  the  data 
transmission  networks,  and  took  advantage  of  this  fact  in  devising  the  various  con¬ 
figurations. 

For  the  linear  control  subnetwork,  we  have  proposed  two  novel  topologies:  the 
stretched  control  configuration  and  the  bypass  control  configuration.  For  the  overall 
network  implementation,  we  have  grouped  the  many  proposed  configuration  into 
three  classes:  basic,  hybrid,  amd  compoimd. 

In  chapter  4.  we  have  also  undertaken  a  complete  power  budget  analysis  of  the 
fiber  optic  configurations.  In  particular,  we  have  provided  a  general  and  unified 
approach  to  the  power  budget  analysis,  amd  to  the  coupler  optimization  problem, 
and  applied  the  technique  to  the  study  of  the  fiber  optic  configurations.  The  re¬ 
sults  were  given  in  terms  of  maximum  number  of  stations  that  each  configuration 
could  accommodate  for  a  given  power  margin.  (We  have  also  derived  simple  (but 
loose)  bounds  on  the  number  of  stations. )  It  was  shown  that  the  stretched  config¬ 
uration  for  control  subnetwork  is  superior  to  the  straightforward  implementations 
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using  two  couplers  per  stations,  and  that  for  power  margin  above  35ciB  the  bypeiss 
configuration  is  superior  to  the  stretched  control  configuration.  As  far  as  the  data 
transmission  configurations  are  concerned,  the  star  topology  is  the  best;  the  next  is 
the  tree  configuration;  below  these  come  the  hybrid  configurations  (i.e.,  linear/star 
and  linear/tree);  the  worst  performance  is  attained  with  all  linear  topologv’. 

Finadly,  in  Appendix  A,  we  provided  further  results  on  the  performance  of  fiber 
optic  configurations.  In  particular,  we  have  taken  into  account  the  effect  of  com¬ 
ponent  parameters  explicitly,  and  studied  the  sensitivity  of  performance  to  these 
parameters.  In  the  appendix,  we  have  also  considered  the  uniform  optimization 
of  coupling  firaction;  i.e.,  the  optimization  under  the  constraint  that  all  coupling 
fractions  be  equal. 

The  numerical  results  have  shovm  that,  with  multimode  fibers,  high-cost  com¬ 
ponents  operating  at  lOOMps.  and  uniform  optimization  of  couplers,  all  fiber-optics 
configurations  implementing  folded  bus  structure  can  support  more  than  50  sta¬ 
tions,  with  the  exception  of  the  all-linear  configuration  (i.e.,  linear  collection  and 
linear  distribution)  which  can  support  30  stations.  For  configurations  in  which  the 
data  (collection)  subnetworks  do  not  have  a  linear  topology  (i.e.,  tree,  star,  or  com¬ 
pound),  the  number  of  stations  that  these  data  subnetworks  can  support  (discarding 
the  control  subnetwork)  far  exceed  50,  reaching  several  htindreds.  The  limitation 
of  50  to  70  stations,  depending  on  the  data  rate  (50  Mbps  to  200  Mbps,)  is  then 
imposed  by  the  linear  control  subnetwork 

5.2  Suggestions  for  Additional  Research 

Several  areas  of  related  work  have  been  untouched  in  this  thesis.  First  of  all.  the 
performance  evaluation  of  the  scheduling  policies  has  been  conducted  based  on  a 


general  (but  arbitrary)  model  of  message  traffic  and  cost  functions.  It  is  important 
to  determine  means  by  which  to  select  the  appropriate  cost  functions  for  messages 
belonging  to  different  applications  in  view  of  attaining  the  desired  effects,  and  to 
test  the  approach  proposed  in  this  thesis  (i.e.,  based  on  transmission  scheduling 
policies,)  in  realistic  scenarios  of  services. 

In  the  transmission  scheduling  problem,  which  was  formulated  in  chapter  2. 
each  cost  function  was  defined  on  the  delay  of  a  single  message.  However,  in  some 
applications,  it  is  important  to  have  some  correlation  among  the  message  delays. 
For  example,  consider  voice  traffic  where  message  loss  of  upto  5%  is  tolerable.  If  the 
cost  functions  are  defined  on  the  delay  of  single  messages,  the  overall  probability  of 
loss  less  than  5%  can  be  achieved.  But  there  is  a  possibility  that  lost  messages  are 
lumped  together,  resulting  in  a  significant  degradation  in  voice  quality.  To  avoid 
this  problem,  the  cost  function  must  be  defined  on  the  delays  of  successive  messages. 
For  example,  for  the  voice  traffic,  one  may  define  the  cost  functions  on  the  delays 
of  a  block  of  messages.  Then  for  a  block  size  of  say  20,  the  cost  of  losing  more 
than  one  message  will  be  made  very  high.  This  will  increase  the  separation  between 
the  lost  messages  to  acceptable  level.  Defining  the  delay-cost  function  on  a  block 
of  messages  makes  the  transmission  scheduling  problem  more  complex  than  when 
delay-cost  functions  are  defined  on  single  messages.  Since  the  original  transmission 
scheduling  was  analytically  intractable,  the  new  and  more  general  problem  is  also 
analyticzdly  intractable.  Therefore,  one  must  seek  suboptimal  solutions  and  resort 
to  simulation  to  test  their  performance. 

There  are  two  other  areas  which  were  not  covered  in  this  thesis.  The  first  is 
the  VLSI  implementation  of  the  station’s  su-chitecture.  Such  an  implementation 
must  be  simple  and  reliable.  It  must  also  have  short  latencies,  such  that  the  overall 
performance  is  not  degraded  significantly.  The  other  area  of  research  is  on  the  fiber 
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optic  configurations.  All  configurations  presented  in  chapter  4  were  based  on  passive 
bus  topologies.  However,  to  increase  the  number  of  stations  supported  on  a  bus.  it 
may  be  necessary  to  introduce  active  elements,  such  as  regenerative  repeaters.  This 
will  increase  the  number  of  stations,  but  at  the  same  time  will  reduce  the  rehability 
of  the  network,  since  active  elements  in  general  fail  much  more  frequently  than 
the  passive  elements  do.  It  is  important  to  quantify  the  tradeoff  between  between 
reliability  and  number  of  stations. 
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Appendix  A 


Additional  Results  on  Fiber  Optic 
Configurations 


In  a  genera;  net’.vork.  the  coupling  fractions  resulting  from  maximization  o: 
tranmittance  are  not  necessarily  the  same.  But.  in  order  to  facilitate  the  maintain¬ 
ability  and  flexibility  of  the  network,  we  may  need  some  degree  of  uniformity  among 
these  coupling  fractions.  When  there  are  no  uniformity  constraints,  we  refer  to  the 
problem  of  maximizing  the  transmittance  ais  Individual  Optimization  of  Couplers 
(IOC),  otherwise  we  call  it  Uniform  Optimization  of  Couplers  (UOC).  In  this  ap¬ 
pendix  we  present  the  performance  of  the  fiber  optic  configurations  under  uniform 
optimization  of  couplers  and  compare  it  with  that  under  individual  optimization  of 
couplers.  First,  we  briefly  review  the  characteristics  of  the  fiber-optics  components 
used  in  the  construction  of  the  transmission  medium. 


A.l  Fiber-Optics  Components 

The  fiber-optics  components  needed  axe  the  fiber,  connectors,  splices,  couplers, 
transmitters,  and  receivers.  In  describing  the  characteristics  of  these  components. 


105 


throughout  this  appendix  and  as  in  chapter  4,  we  denote  the  transmiUance  from  a 
point  A  on  the  medium  to  a  downstream  point  B,  by  G{A,B).  G(A.B)  represents 
the  fraction  of  the  power  at  .4  which  reaches  B. 

Fibers  : 

Pulse  dispersion  and  optical  loss  are  the  most  important  considerations  which 
aifFect  the  choice  of  fiber  and  wavelength  of  light.  Pulse  dispersion  hmits  the  fiber 
bandwidth  [LiTS].  However,  for  the  data  rates  and  network  dimensions  required  in 
local  area  communications,  multimode  as  well  as  singlemode  fibers  with  sufficient 
btmdwidth  are  readily  available,  and  thus  pulse  dispersion  is  of  no  concern  in  this 
study.  The  optical  loss  of  the  fiber,  however,  will  be  taJcen  into  account  in  our 
analysis.  Let  /  denote  the  fiber  attenuation  in  dB/km.  Then,  the  transmittance 
from  a  point  A  to  a  point  B  due  to  /  kilometers  of  fiber  is 

Connectors  and  Splices  : 

A  connector  is  represented  graphically  by  a  circle  as  shown  in  Fig.  A. 1(a).  It 
is  characterized  by  its  insertion  loss  in  dB,  denoted  by  Lc-  The  transmittance 
across  a  connector  is  thus  given  by  As  commercially  available  connectors 

may  introduce  higher  loss  than  desired,  in  order  to  reduce  the  total  loss  through 
the  network,  one  may  connect  the  fibers  by  splicing  them.  Letting  Ls  denote  the 
insertion  loss  of  a  splice  in  dB,  (typically  Ls  <  Lc).  the  transmittance  through 
it  is  As  the  connection  of  two  fibers  cam  be  implemented  either  by  a 

connector  or  by  a  splice,  we  refer  to  such  a  connection  ais  a  joint,  graphically  a  joint 
is  represented  by  a  bullet,  as  shown  in  Fig.  A. 1(b).  The  insertion  losses  of  a  joint 
in  dB  is  denoted  hy  Lj. 

Couplers  : 

In  general,  an  m  x  n  coupler  is  a  device  with  m  input  ports  and  n  output  ports 
which  distributes  the  power  from  any  of  the  input  ports  atmong  all  output  ports. 
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(a)  Connector 


(c)  Coupler  C 


C»~ 


Fig.  A.l  Fiber-optics  components:  (a)  a  connector,  (b)  a  joint,  (c)  a  coupler,  and 
(d'l  an  S  X  5  star  coupler. 


We  represent  a  2  x  2  coupler  by  a  directed  line  segment  tangent  to  a  directed  arc. 
as  shown  in  Fig.  A. 1(c).  Since  this  representation  is  not  symmetric  with  respect 
to  any  pair  of  the  ports,  it  allows  us  to  identify  the  ports  uniquely.  As  shown  in 
the  figure,  we  denote  the  four  ports  of  a  coupler  C  by  C“.  C*,  and  Due  to 
the  reciprocity  property  of  opticsd  couplers,  G(C“,C‘^)  is  equal  to  G(C^C'’).  and 
G(C“,C'^)  is  equal  to  GiCKC^).  Let  £c  denote  the  excess-loss  in  dB  through  a 
coupler  and  a  denote  the  corresponding  transmittance,  i.e.  a  =  10~^<^/^°.Then.  for 
some  coupling  fraction  i,  the  transmittances  through  the  coupler  C  are  given  by. 


G(C^C‘')  =  G(C^C")  =  ax 


G{C“,C")  =  G(C*,C‘')  =  a(l-i) 


(.-l.l) 


Depending  on  the  way  the  couplers  are  implemented,  the  range  of  coupling  fractions 
may  be  more  limited  than  that  from  0  to  1.  Let  and  x^ax  denote  the  upper 
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5 

lOlogio  S  +  E{S) 

E{S) 

E{S)/ log2  S 

4 

8.0 

2.0 

1.0 

8 

11.5 

2.5 

0.S3 

16 

16.0 

4.0 

1.0 

32 

19.0 

4.0 

O.S 

64 

23.0 

5.0 

0.83 

Table  A.l  The  excess-loss  for  a  family  of  5  x  5  star  couplers  [CANSTAR] 
and  lower  limits  on  the  coupling  fractions.  Normally,  we  have  0  <  Xn,in  <  0.5  < 

max  ^  1- 

A  Star  coupler  is  an  S  x  S  coupler  which  ideally  distributes  the  power  received 
at  any  of  its  input  ports  equally  among  its  output  ports.  A  star  coupler  is  depicted 
in  Fig.  A.  1(d).  Let  E(S)  denote  the  excess-loss  in  dB  through  an  5  x  5  star  coupler. 
Then  the  transmittance  through  the  coupler  is 

The  excess-loss  for  a  family  of  star  couplers  is  listed  in  table  1  [CANSTARj. 
Note  that,  as  a  good  approximation,  the  excess-loss  grows  as  log2  5.  For  a  mod- 
\ilar  star  coupler  based  on  2  x  2  couplers  [MARHS4],  the  excess-loss  is  approxi¬ 
mately  £’clog2  5.  Therefore,  in  our  computations,  E{S)  is  assumed  to  be  equal  to 
Ec  log2  S. 

Trammitters  and  Receivers  : 

An  optical  transmitter  is  a  system  consisting  of  a  light  source,  a  means  for 
efficiently  coupling  the  source’s  output  power  into  the  transmission  fiber,  and  a 
modulation  circuit.  In  the  case  of  a  laser,  the  system  also  includes  a  level  control 
circuit.  Transmitters  aire  chaxacterized  by  the  maximum  power  they  can  inject  into 
the  fiber.  In  terms  of  modulation  rates,  and  to  a  certain  degree  the  output  power,  a 
typical  LED  system  is  qxiite  limited  compared  to  a  laser  system.  However,  for  data 
rates  on  the  order  of  50  Mbps,  LED  systems  with  reasonable  output  power  (about 
1  mW)  are  commercially  available  [MIDW83]. 
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Fig.  A. 2  Linear  configuration  (L). 
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An  optical  receiver  consists  of  an  optical  detector  and  a  demodulation  circuit 
A  receiver  is  characterized  by  its  sensitivity,  i.e.,  the  minimum  received  pover  it 
requires  at  given  data  and  error  rates.  Due  to  several  physical  aind  cost  constraints, 
the  sensitivity  of  optical  receivers  is  higher  than  that  of  metallic  cable  receivers 
[RH0DS3].  Furthermore,  for  a  given  bit  error  rate,  the  higher  the  data  rate  provided 
by  a  receiver  is,  the  lower  is  its  sensitivity  [0GAWS3].  In  an  actual  implementation, 
since  the  sensors  are  not  required  to  detect  individual  bits,  their  sensitivity  may 
be  somewhat  better  than  that  of  data  receivers.  In  section  4.4.  we  discuss  the 
implications  of  the  higher  sensitivity  of  sensors. 


A. 2  Description  of  Configurations 

As  we  have  indicated  in  chapter  4.  there  are  many  fiber-optics  configurations 
to  implement  the  folded-bus  structure.  These  have  been  grouped  into  three  classes: 
basic,  hybrid,  and  compound.  In  figures  A.2-A.S.  we  give  an  accurate  representaion 
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Fig.  A. 3  Star  configuration  (S/C). 


Fig.  A. 4  Tree  configuration  (T/C). 

of  the  configtirations  satisfying  the  delay  constraint  and  identifying  all  fiber  optic 
components  involved. 

A. 3  Uniform  Optimization  of  Couplers 

In  the  uniform  optimization  of  couplers.  QiS:x)  is  maximized  under  a  set  of 
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Fig.  A. 5  Linear/star  configuration  (LS). 


Fig.  A. 6  Linear/tree  configuration  (LT). 

uniformity  conditions  on  the  coupling  fractions.  The  most  obvious  condition  of 
uniformity  is  to  require  that  all  the  coupling  fiactions  in  the  network  be  the  same. 
However,  since  the  collection  subnetwork,  the  distribution  subnetwork,  and  the 
control  subnetwork  may  have  entirely  different  topologies,  such  a  condition  maj’ 
in  some  instances  lead  to  excessively  small  ^(5;x).(For  example,  this  is  the  case 
for  the  LT  configuration  as  will  be  seen  in  section  .\.3.3  below. )  .Moreover,  main¬ 
tainability  eind  flexibility  are  not  jeopardized  if  different  couplers  are  used  in  these 
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Fig.  A. 7  Linear/star/linear  configuration  (LSL/C). 


Fig.  A. 8  Tree/star/tree  configuration  (TST/C). 

subnetworks.  Hence  we  perform  the  optimization  on  these  subnetworks  separately. 
The  subnetworks  considered  here  axe:  the  linear  control,  linear  collection^  /control), 
linear  distribution,  tree  collection,  and  tree  distribution  subnetworks. 

Let  I  denote  the  common  coupling  fraction  in  the  subnetwork  under  consid¬ 
eration.  If  the  transmittance  from  a  point  A  to  a  downstream  point  B  is  a  not  a 
function  of  i.  it  is  denoted  by  G(A,  B)\  other^vise,  it  is  denoted  by  Gf  A.  B\ x ).  Xote 
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that  G(  A.  B:  x)  can  be  separated  into  two  factors.  The  first  factor  is  constant  with 
respect  to  i  and  is  denoted  by  Go(--4.;  B).  The  second  factor  is  x'"(  1  —  x)”.  for  some 
nonnegative  intergers  m  and  n  such  m  +  n  >  1,  For  station  i  —  1.2.  ...-V.  let  T,.  R,. 
and  R[  denote  its  transmitter,  receiver,  and  sensor,  respectively.  Here,  for  the  sake 
of  simplicity  we  asstime  that  all  transmitters  have  the  same  output  power  and  all 
receivers  have  the  same  sensitmty. 


A.  Linear  Control  Subnetwork: 

Consider  the  control  bus  which  is  depicted  in  Fig.  A. 9(a).  Our  objective  is  to 
maximize 

^(Xi  =  min  G(T,.R\:x)  Xmin  ^  ^  '--1.2 

From  Fig.  A.9(a),  we  have 

(1-x  2<t  +  l=;<-V 

G(r..ii;;x)  =  Go(r„i?;)  x  \ 

ix-(l-x)-'— 2  2<t  +  l<;<.V 

GoiTi.R'f,)  <  Go{T„R'^)  1  <  t  <  ;  <  -V 


For  N  =  2.  the  optimum  i  is  clearly  Xnun-  For  iV  =  3.  there  are  three  transmit- 
tances  under  consideration,  the  minimum  of  which  is  £,(x).  These  are  plotted  in 
Fig.  A.  10.  From  this  figure,  we  observe  that  if  the  optimum  x  is  strictly  inside  the 
interval  (xmin,  Xniax)  then  it  must  be  equal  to  the  positive  solution  of  the  following 
quadratic  equation. 

Go(Ti .  i?3)x*  =  min{Go(Ti,  i?^)-  ^o(  Tb,  i?3)}(  1  —  x )  ( .4.4  > 
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(a)  Linear  Control  Subnetwork 


(b)  Linear  Collection/Control  Subnetwork 


(c)  Linear  Collection  Subnetwork 
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(d)  Linear  Distribution  Subnetwork 


Fig,  A.O  The  subnetworks  on  which  the  uniform  optimization  is  performed. 
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Fig.  A. 10  £.(5;i)  as  a  function  of  x  for  linear  control  subnetwork  and  .V  =  3. 


Let 


nxin{Go(ri,  i^o),  6^0(12,  i?3)} 

Go{t\,R',) 


(.4.5) 


Then  the  optimum  x  is  equal  to 


^p-+4p—p 


*ra*x 


.  For  iV  >  4.  a  moie  interesting 


case,  we  have  a  simpler  result  due  to  the  fact  that 


G(i)  =  G{Ti,R'y:x)  =  Go(Ti,  (-4.6) 
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0  Imin  2  Imuc  1 

N  -  1 

Uniform  Coupling  Fraction  x 


Fig.  A. 11  Q.{S\x)  as  a  function  of  i  for  linear  control  subnetwork  and  N  >  -4. 


The  sketch  of  function  QiS-,x)  is  shown  in  Fig.  A. 11.  By  differentiating  the 


right  hand  side  of  (A. 6),  we  find  that  the  optimum  x 


Zmax 

^min 


B.  Linear  Collection /Control  Subnetwork: 


Consider  the  linear  collection/control  subnetwork  which  is  shown  in  Fig.  .\.9(  b  /. 
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Our  objective  is  to  maximize 


^(x)  =  min{^__^rmn  G(  T,,  /?' :  x).  (7(7,,  i?;.;  x)}  Xmin  <  -t  <  Xmax 


(.4.7) 


Using  Fig.  A. 9(b),  we  have  in  addition  to  (A. 3), 


GiZ.Ryx)  =  Go(r.,.4)x(l  -i)''^~‘G(.4,i?j)  i,;  =  1,2.  ....V 

(.4. S' 

Godi.A)  <  Go(ri,i?(v) 


Clearly 


min 


G(  T. ,  .Rt ;  X )  =  Go( Ti ,  .4 )x(  1  -  X 


min  G\  .4.  Rk  ) 


(.4.9) 


By  differentiating,  we  observe  that  the  right  hand  side  of  (.4.9)  is  maximized  at 


'  j  1  *  m** 

y\x 


Now,  we  show  that 


j  1  Xmax 
^.1  *min 


maximizes  Qix),  by  proving 


min  G{T,,R'', 

\<i<}<N  ■' 


)  >  min  G(r,,  Rk; 


_1 

-VJ 


T  Xma« 


(.4.10) 


Recall  that  G{A,Rk)  is  the  fraction  of  power  at  A  which  reaches  Rk-  Therefore. 

we  have  ^  G(.4.  i?fc)  <  1  and  thus  min  G(A,  Rjt)  <  From  this  inequality. 
\<k<S  A 

together  with  (A. 3)  and  (.4.9),  (A. 10)  follows. 


C.  Linear  Data  Collection  and  Distribution  Subnetworks: 

Consider  the  linear  data  collection  subnetwork  shown  in  Fig.  A. 9(c)  with  trans¬ 
mitters  T\.T2-  ■■■T-n-  This  in  fact  may  represent  one  of  the  collection  subnetworks 
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in  a  compound  configuration.  (A  distribution  subnetwork  ais  shown  in  Fig.  A.9(d 
can  be  treated  in  a  similar  way.)  Our  objective  is  to  maximize 


C(x)=  nun  G{T„  A:  x)  ^  ^ (.-1..11 

l<i<n 


From  the  figure,  we  have 

1  =  1 

C(r„A;i)  =  Go(T,.A)  x  \ 

2<i<n  fA.l2i 


Go(r„  A)  <  Go(r,+i,  A)  1  <  2  <  n  -  1 


From  (A.  12)  we  note  that 


a(i)  =  min{Go(ri,A)(l-i)"-^;  Go(T2,  A)  •  i(l  -  x)"-^ }  (A.lS'i 


From  Fig.  A.  12,  we  observe  that  Qix)  is  maximized  at 

_  .  _ OoiTi,A) _ 


(A.U) 


D.  Tree  Collection  and  Distribution  Subnetworks: 

In  the  case  of  the  tree  subnetworks,  an  analysis  similar  to  the  above  becomes 
intractable;  a  numerical  search  method  may  then  have  to  be  used.  However,  based 
on  the  construction  of  the  minimtun-depth  tree,  it  should  be  intuitively  clear  that 
the  optimum  coupling  fraction  must  be  very  close  to  j.  (This  indeed  is  the  case  for 
all  the  numerical  examples  considered  in  section  A. 3. 3  below.) 
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_ CoiTi,A) _ 

i4)  +  Go{T2,  A) 


Uniform  Coupling  Fraction  x 


Fig.  A.  12  C.(  >5’ :  ^ function  of  x  for  linear  data  collection  subnetwork. 

A. 4  Numerical  Results 


Based  on  the  parameters  of  commercially  a%'ailable  components,  we  evaluate 
the  maximum  number  of  stations  iV^ax  that  each  of  the  configurations  whicn  was 
presented  in  section  A.l  can  support.  The  effect  of  coupling  fractions  on  .Vmax  and 
the  sensitivity  of  .Vmax  to  various  parameters  are  also  presented. 


A. 4.1  Commercially  Available  Components 

We  assume  that  all  transmitters  have  the  same  output  power  Vj.  and  all  re¬ 
ceivers  have  the  same  sensitivity  Vji,  in  Watts.  The  power  margin  of  the  network 
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Fiber 

Parameter 

Unit 

LC 

MR 

HC 

HC  Ref 

/ 

dB/km 

6 

0.98 

0.06 

[SPECTRUM: 

Mxiltimode 

Lc 

dB 

1 

0.5 

0.25 

[LASERS] 

or 

Ls 

dB 

0.3 

0.03 

[FURUKAWER] 

Singlemode 

Lj 

dB 

1 

0.17 

0.03 

Pr 

dBm 

-20 

-45 

[PLESSEY] 

Ec 

dB 

1 

0.5 

0.25 

[ADC] 

Multimode 

Me 

% 

5 

2.2 

1 

[NEC] 

Pr 

dBm 

-3 

17 

[SPECTRA] 

Pst 

dB 

17 

32 

62 

Ee 

dB 

1 

0.22 

0.05 

[KOPERA] 

Singlemode 

Me 

% 

1 

0 

0 

[FIBERNETICS] 

Pt 

dBm 

2 

2 

[LASER] 

Pst 

dB 

22 

32 

47 

-  ■ 

Table  A. 2  Values  used  for  fiber-optics  component  parameters.  (Receiver  sensitiv¬ 
ity.  Pjj,  listed  is  for  a  data  rate  of  50  Mbps  and  a  bit-error  rate  of 

10-3.) 


in  dB  is  P.v/  =  Pj  —  Pr,  where  Pj  and  Pr  are  transmitter  power  and  receiver  sen¬ 
sitivity  in  dBm,  respectively.  (Note  that  Pm  =  lOlogjo  Ad.)  The  range  of  coupling 
fractions  is  assumed  to  be  symmetric  about  0.5;  i.e.,  imM  =  1  —  Xmin;  denote  the 
minimum  coupling  fraction  in  percent  by  Mq,  i.e.  Me  =  Xnun  x  100%. 

The  parameter  values  for  a  number  of  commercially  available  components  are 
listed  in  table  A. 2.  For  every  parameter,  the  value  in  the  High  Cost  (HC)  column 
corresponds  to  the  best  commercially  available  component,  and  the  value  in  the  Low 
Cost  (LC)  column  corresponds  to  a  component  with  a  low  cost  but  still  reasonably 
gcod  characteristics.  (References  for  values  in  the  HC  column  are  given  in  the 
table.)  For  every  pauameter  which  directly  appears  in  the  power  budget  analysis, 
an  intermediate  value  equal  to  the  geometric  mean  of  the  HC  and  LC  values  is  given 
in  the  Mid-Range  (MR)  column.  Note  that  for  some  of  the  peirameters.  the  values 
for  multimode  aind  singlemode  fibers  aure  different  and  are  thus  listed  separately. 

In  the  case  of  multimode  fiber,  the  HC  and  LC  values  given  for  the  transmitter 
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po^ver  Pj  correspond  to  laser  and  LED  sources,  respectively.  (A  core  diameter  of 
50  firn  is  eissumed.  >  In  the  case  of  singlemode  fibers,  since  an  LED  cannot  inject 
sufficiently  large  power,  both  HC  and  LC  values  correspond  to  a  laser  source.  The 
values  given  for  receiver  sensitivity  in  table  A. 2.  axe  for  a  data  rate  of  50  Mbps 
and  an  bit  error  rate  of  10”^.  (Every  increase  by  a  factor  of  two  in  the  data  rate 
corresponds  to  about  3  dB  degradation  in  the  receiver  sensitivity.  Therefore,  at  the 
data  rates  of  100  and  200  Mbps,  the  receiver  sensitivity  is  about  -42  and  -39  dBm. 
respectively.)  Unless  otherwise  specified,  we  shall  assume  that  the  data  rate  to  be 
50  Mbps  throughout  the  remainder  of  the  paper.  Also,  we  assume  that  the  stations 
are  uniformly  spaced  and  the  distance  between  the  first  and  the  last  stations  is  one 
kilometer. 

A. 4. 2  Maximum  Number  of  Stations 

The  maximum  number  of  stations,  for  different  subnetworks  is  computed 

as  follows.  The  power  analysis  of  the  previous  section  is  used  to  evaluate  the 
minimum  power  margin  required  to  support  a  given  number  of  stations.  .V.  Using 
a  numerical  search  method,  the  maximum  N  for  which  the  required  power  margin 
does  not  exceed  the  available  power  margin  is  then  found.  For  the  values  given  in 
table  A. 2  (in  which  the  data  rate  considered  to  be  50  Mbps)  Nma.x  for  all  types  of 
subnetworks  with  the  exception  of  the  LSL  and  TST  data  subnetworks  is  displayed 
in  table  A. 3.  (Tables  A. 4  and  A.5  give  for  100  and  200  Mbps,  respectively.) 
For  the  the  LSL  and  TST  data  subnetworks.  Nmhx  is  a  function  of  the  funneling 
width  S  and  is  shown  in  Fig.  A. 13.  (The  jaggedness  in  the  curves  is  due  to  the 
fact  that  as  S  is  incremented  by  one.  the  number  of  stations  in  each  collection 
or  distribution  subnetwork  can  only  decrease  by  am  integer.)  For  these  networks, 
the  trade-off  between  the  maximum  number  of  stations  and  fiber  length  is  shown 
in  Fig.  A.  14.  Note  that,  for  a  configuration  which  hais  sepax-^te  data  and  control 
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Maximum  Number  of  Stations  N 
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Fiber 


Singlemode  Fiber 
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LC 

MR 
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LC 

MR 

HC 

C 

3 

11 

72 

3 

13 

69 

L 

1 

5 

35 

1 

6 

34 

uoc 
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1 

9 

512 

1 

15 

128 
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1 

277 

461417 

1 

451 

36204 

LT 

1 

6 

62 

1 

8 

54 

LS 

1 

7 

63 

1 

8 

5S 

C 

4 

21 

120 

5 

27 

14S 

L 
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9 

59 

1 

11 

72 

IOC 

T 

1 

15 

629 

1 

18 

179 

S 

1 

277 

461417 

1 

451 

36204 

LT 

1 

11 

86 

1 

13 

95 

LS 

1 

11 

86 

1 

14 

96 

Table  A. 3  Maodmum  number  of  stations  for  a  data  rate  of  50  Mbps. 


subnetworks,  Nma.x  is  determined  by  the  linear  control  subnetwork,  (assuming,  of 
course,  the  latter  is  implemented  using  fiber-optics  technology.) 

In  generating  for  subnetworks  containing  stau'  couplers,  no  hmit  has  been 
imposed  on  the  size  of  the  latter.  It  is  to  be  noted,  however,  that  the  largest 
commercially  available  stair  is  100  x  100  for  multimode  fibers  amd  3  x  3  for  single  mode 
fibers.  But  using  a  modular  approach,  larger  couplers  cam  be  obtained(MARH84]. 
PP 

From  the  restilts  displayed  in  table  A.3  and  Fig.  A.  13,  we  note  that  there 
three  major  factors  affecting  N^ax-  The  first  factor  is  the  funneling  width:  as  was 
discussed  in  chapter  4,  section  4.3.3,  the  S  subnetwork  cam  support  significantly 
more  stations  than  the  other  data  subnetworks.  The  second  factor  is  the  average 
number  of  couplers  and  joints  in  the  paths  from  transmitters  to  receivers.  The  faster 
this  number  grows  with  the  number  of  stations,  the  smaller  is  N^ax-  For  exaimple. 
consider  the  L  and  T  subnetworks.  The  T  subnetwork  cam  support  a  larger  A'max 
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Table  A. 4  Maximum  number  of  stations  for  a  data  rate  of  100  Mbps. 
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Table  A. 5 
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MR 
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8 
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10 
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1 

69 
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1 
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1 

6 
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1 
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62 

1 

72 

1 

9 

63  i 

Maximum  number  of  stations  for  a  data  rate  of  200  Mbps. 


than  the  L  subnetwork. The  average  number  of  couplers  on  the  optical  paths  in  the 
L  subnetwork  grows  as  N  while  in  the  T  subnetwork,  it  grows  as  log^  .V.  The  third 
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factor  is  the  type  of  optimization  of  coupling  fractions.  IOC  leads  to  substantially 
higher  Nna.x  than  UOC. 


A. 4. 3  Comments  on  the  Optimum  Coupling  Fractions 

In  this  section,  we  examine  the  numerical  values  of  optimum  coupling  fractions 
for  various  cases,  and  justify  assertions  made  in  section  A. 2  on  uniform  optinaization. 

Fig.  A.  15  shows  the  individually  optimized  coupling  fractions  in  the  linear  con¬ 
trol,  linear  collection  and  linear  collection/ control  subnetworks  for  N  =  20.  multi- 
mode  fiber,  and  naid-range  component  parameters.  The  behavior  of  the  coupling 
fractions  as  a  function  of  the  station  position  is  very  much  similar  to  that  for  the 
ideal  components,  as  wsis  discussed  in  chapter  4,  section  4.3.2;  in  the  case  of  the 
control  subnetwork,  the  coupling  fractions  axe  about  1  for  the  end  stations  and 
decrease  as  we  move  toward  the  center  of  bus;  in  the  case  of  the  linear  collection 
and  collection/control  subnetworks,  as  we  move  from  station  1  to  station  N  the  op¬ 
timum  coupling  fractions  decrease  continuously.  (Of  course,  the  coupling  fraction 
czuinot  be  less  than  imin-)  Also,  by  comparing  the  optimum  coupling  fractions  for 
the  collection  subnetwork  to  those  of  the  collection/control  subnetwork  obtained 
by  individual  optimization,  we  observe  that,  although  the  constraints  imposed  by 
sensors  are  £w:tive,  their  effect  on  the  coupling  fractions  is  not  significant.  (This  is 
similar  to  the  case  of  uniform  optimization,  where  we  have  shown  in  section  A. 2 
that  the  sensors’  constraints  are  inactive.) 

In  section  A.2,  we  stated  that  may  be  severely  limited  if,  in  uniform 

optimization,  we  require  the  coupling  fractions  in  separate  subnetworks  to  be  all 
equal.  An  example  illustrating  this  point  is  the  LT  data  subnetwork  for  which  we 
have  listed,  in  table  A.6,  in  two  cases;  case  A  where  we  have  required  the 
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Fiber 

Components 

A 

B 

LC 

1 

1 

Multimode 

MR 

5 

6 

HC 

23 

62 

LC 

1 

1 

Singlemode 

MR 

5 

8 

HC 

15 

54 

Table  A. 6  Nm».x  in  the  LT  configuration  for  two  cases:  case  A  where  the  coupling 
fractions  in  the  collection  and  distribution  subnetworks  are  required  to 
be  the  same,  and  case  B  where  they  are  not. 

coupling  fractions  in  the  collection  and  distribution  subnetworks  to  be  the  same, 
and  case  B  where  we  have  not. 

In  part  D  of  section  A. 2,  we  also  stated  that  the  optimum  value  of  the  coupling 
fractions  in  uniform  optimization  of  minimum-depth  binary-tree  subnetworks  is 
close  to  j.  We  illustrate  this  fact  by  displaying  in  Fig.  A.  16  .Vmax  as  a  function  of 
the  coupling  fraction  x,  for  the  T  data  subnetwork,  which  peaks  at  x  =  j. 

Finally,  consider  the  uniformly  optimized  coupling  fractions  in  a  linear  subnet¬ 
work,  for  example  C.  Fig.  A. 17  shows  the  number  of  stations  as  a  function  of  the 
(uniform)  coupling  fraction  i.  For  the  various  cases,  it  easy  to  confirm  that  the  op¬ 
timum  X  is  given  by  77^)  analytically  derived  in  part  A  of  section  A. 3. 

Moreover,  Fig.  A.  17  shows  the  insensitivity  of  N^a^x  to  small  (uniform)  variations 
around  the  optimum. 

A. 4. 4  Sensitivity  of  Njaxx  to  Component  Parameters 

The  sensitivity  of  to  each  component  parameter  was  obtaiined  by  varj-ing 
that  parameter  over  some  range  while  fixing  tdl  the  other  parameters.  Based  on  a 
large  set  of  numerical  results  we  have  made  the  following  observations; 
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Maximum  Number  of  Stations  N 
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.00  .25  .50  .75  1.00 

Uniform  Coupling  Fraction  x 


in  the  C  subnetwork  as  a  function  of  the  uniform  coupling  fraction. 


Maximum  Number  of  Stations  N 


1000 


100 


Figuers  A. 18,  A. 19,  and  A. 20  display  Nmux  as  a  function  of  the  power  margin 
P.\/  for  HC,  MR.  and  LC  component  parameters  (except  for  P.v/).  respectively.  In 
these  figures  we  have  tissumed  multimode  fiber  and  individuailly  optimized  couplers. 
Wt  note  that  in  T  and  S  subnetworks,  the  rate  of  increase  in  -Vmax  as  a  function 
of  Pm  is  about  one  decade  per  20  and  10  dB,  respectively.  This  result  is  consistent 
with  the  bounds  (4.16)  and  (4.17)  obtained  in  chapter  4,  section  4.3.3.  In  the  other 
subnetworks,  however,  this  rate  of  increase  is  below  the  ideal  rate  of  one  decade 
per  20  dB,  due  to  the  fact  that  the  number  of  couplers  between  transmitters  and 
receivers  grows  linearly  with  N.  From  these  figures  we  also  note  the  importance 
of  Pm-  When  Pm  is  larger  than  60  dB,  and  all  other  parameters  have  their  MR 
values,  all  configurations  can  support  more  than  20  stations.  In  fact  for  a  power 
margin  of  just  50  dB,  when  all  other  pau’ameters  assume  their  LC  values,  the  S 
subnetwork  can  still  support  about  150  stations.  (The  figures  can  also  be  used  to 
compute  -Vmax  of  a  C  subnetwork  when  we  take  the  difference  between  receiver  and 
sensor  sensitivities  into  account.) 

For  the  \inifonn  optimization  the  behavior  is  the  same  as  above.  Fig.  A. 21 
displays  Nma-x  as  a  function  of  margin  Pm  for  HC  components,  multimode  fiber, 
and  uniformly  optimized  couplers.  In  the  case  of  T  subnetwork,  Nma.x  is  almost 
always  equal  to  some  power  of  two  (hence  the  shape  of  the  curve)  for  the  following 
reason:*  for  simplicity  consider  ideal  components;  when  the  couphng  fraction  is  \- 
the  minimum  transmittsmce  from  transmitters  to  the  funneling  point  (or  from  the 
funneling  point  to  receivers)  is  (j)f^®*2^^;  or  the  minimum  transmittance  between 
transmitters  and  receivers  is  therefore  is  equal  to  some  power 

of  2.  In  the  case  of  LT  subnetwork,  due  to  the  linear  collection  subnetwork  the 
transitions  between  the  successive  powers  of  two  are  more  gradual  than  those  in  T 

'To  show  more  clearly  the  transitions  of  Nmmx  between  the  powers  of  two.  we  have  have  generated 
1000  data  points  for  the  T  and  LT  curves  in  Fig.  A. 21.  All  other  curves  contain  50  data  points. 
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Maximum  Number  of  Stations  N 


Fig.  A. 21  The  maximum  munber  of  stations  as  a  function  of  the  po\ver  margin  for 
HC  components,  multimode  fiber,  and  uniformly  optimized  couplers. 
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subnetwork. 


Fig.  A  .22  displays  as  a  function  of  the  coupler  excess-loss  Ec-  In  this 

figure  (and  subsequent  fig-ures),  we  have  assumed  multimode  fiber,  individually 
optimized  couplers,  MR  components  in  the  S  subnetwork,  and  HC  components  in 
the  other  subnetworks,  for  multimode  fiber  and  individually  optimized  components. 
We  observe  that,  NmAx  decreases  significantly  as  Ec  increases.  Note  that  in  the  T 
and  S  subnetworks  the  rate  of  decrease  is  consttint  over  the  entire  domain  of  -V^ax- 
while  in  the  subnetworks  with  a  linear  collection  subnetwork,  the  rate  of  decrease 
is  larger  at  smaller  larger  Nma.x-  The  reason  is  that,  in  the  T  and  S  subnetworks, 
the  average  number  of  couplers  (and  hence  their  excess-loss)  on  the  transmitter- 
to- receiver  paths  is  on  the  order  of  log2  N,  while  in  the  subnetworks  with  a  linear 
collection  subnetwork  it  is  on  the  order  of  .V. 

In  all  subnetworks  other  than  S,  Nfaa.x  decreases  considerably  as  the  joint  inser¬ 
tion  loss  Lj  increases(see  Fig.  A.23);  in  the  S  subnetwork,  regardless  of  the  number 
of  stations,  there  are  only  a  few  joints  on  the  path  from  every  transmitter  to  every 
receiver.  As  shown  in  Fig.  A. 24,  when  the  fiber  attenuation  /  is  increased,  only  the 
S  subnetwork  suffers  a  significant  decrease  in  Nma.x'i  in  the  other  subnetworks,  the 
losses  due  to  fiber  attenuation  are  negligible  compared  to  the  other  losses. 

is  not  sensitivive  to  Lc  (Based  on  the  convention  we  have  used  here.  Lc 
only  denotes  the  insertion  losses  of  the  connectors  at  transmit  emd  receive  terminals. 
The  insertion  losses  of  the  other  connectors  in  the  network  sure  denoted  hy  Lj.)  For 
the  values  of  Me  considered  here  (<  5%),  iVmax  is  not  sensitive  to  Me- 
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Maximum  Number  of  Stations  N 


Fig.  A. 22  The  maximum  number  of  stations  as  a  function  of  the  coupler  excess- 
loss  for  multimode  fiber  and  individually  optimized  couplers.  In  the  S 
subnetwork  MR  components  are  assumed  while  in  the  other  subnetworks 
HC  components  are  assumed. 
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h«.r  of  stations  as  a  function  of  the  joint  insertion 
Fig.  A.23  The  maximum  ^f^^^i^dividually  optimized  couplers.  In  the  S 

loss  for  multimode  ,^hiie  m  the  other  subnetworks 

subnetwork  MR  components  are  assum 
HC  components  are  assumed. 
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[Ml 


Fiber  Attenuation  f,  dB/km 

The  maximum  ntimber  of  stations  as  a  function  of  the  fiber  attenuation 
for  multimode  fiber  and  individually  optimized  couplers.  In  the  S  sub¬ 
network  MR  components  are  eissumed  while  in  the  other  subnetworks 
HC  components  are  assumed. 
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